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The  major  thrust  of  the  work  supported  by  this  grant  during  the  past 
year  has  been  studies  of  spin  polarized  noble  gases.  The  aim  of  the  work  has 
been  to  understand  the  gas-phase  spin  transfer,  which  in  heavy  noble  gases  is 
dominated  by  interactions  in  van  der  Waals  molecules.  We  have  measured  the 
three  body  formation  rates  and  the  collisional  breakup  rates  of  these  mole¬ 
cules.  We  have  also  measured  the  strengths  of  the  major  spin  interactions  in 
the  molecules.  We  have  developed  a  simple  theory  of  the  spin  rotation  inter¬ 
action  in  alkali-noble-gas  molecules.  This  is  the  first  theory  which  suc¬ 
cessfully  accounts  for  the  observed  spin  rotation  constants  in  heavy  noble 
gases.  More  details  about  the  results  of  our  work  can  be  found  in  the 
attached  reprints  and  preprint. 

While  much  of  the  work  is  basic  physics  there  are  also  close  ties  be¬ 
tween  this  work  and  various  practical  problems.  Atomic  frequency  standards 
and  nmr  gyroscopes,  are  examples  of  applied  areas  which  are  closely  related 
to  our  work. 
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Nuclear  Alignment  and  Magnetic  Moments  of  133Xe,  ,33Xew,  and  ,31Xe" 
by  Spin  Exchange  with  Optically  Pumped  >7Rb 

F.  P.  Calapricc,  W.  Happer,  D.  F.  Schreiber,  M.  M.  Lowry,  E.  Miron,  and  X.  Zeng 
Princeton  University,  Princeton,  New  Jersey  08544 
(Received  1 7  July  1984) 

This  paper  reports  the  first  demonstration  of  nuclear  orientation  of  radioactive  xenon  atoms  by 
spin  exchange  with  polarized  rubidium  atoms.  The  nuclear  tensor  alignment,  as  measured  by 
gamma-ray  anisotropy,  is  about  30%  of  the  maximum  possible.  The  magnetic  dipole  moments  for 
mXe.  ,JJXe".  and  IJIXe"  have  also  been  measured  by  NMR  spectroscopy.  The  methods  developed 
here  have  possibilities  for  wide  applications  to  nuclear  and  atomic  studies  of  other  radioactive  rare- 
gas  atoms. 

PACS  numbers:  2l.10.Ky.  29.90. +r,  32.30.Bv 


In  this  Letter  we  describe  a  new  experimental 
method  which  has  allowed  us  to  produce  for  the  first 
time  large  quantities  of  highly  polarized  nuclei  of  ra¬ 
dioactive  noble  gases  without  the  use  of  low  tempera¬ 
tures,  high  magnetic  fields,  or  Stern-Gerlach  magnets. 
These  nuclei  have  very  long  spin  relaxation  times,  typ¬ 
ically  several  minutes  or  longer,  and  it  is  therefore 
possible  to  obtain  magnetic  resonance  linewidths  of  a 
few  millihertz,  and  to  make  very  precise  measure¬ 
ments  of  the  magnetic  moments  of  these  nuclei  and  of 
other  small  interactions  of  the  nuclei  with  their  en¬ 
vironment. 

Ir.  our  work  we  polarize  the  nuclei  of  Xe  by  spin  ex¬ 
change  with  Rb  atoms  which  have  been  electronically 
spin  polarized  by  optical  pumping  with  a  dye  laser. 
The  overall  spin  reaction  is 

Rb( !  )  +  Xe(  1  )  —  Rb(  1  )  +  Xe(  1  ),  (1) 

where  the  arrows  in  parentheses  represent  spin  direc¬ 
tions. 

The  polarization  of  helium  atoms  by  spin  exchange 
with  polarized  Rb  atoms  was  first  observed  by  Bouchi- 
at.  Carver,  and  Varnum.1  Grover2  later  demonstrated 
that  the  heavy-rare-gas  atoms  have  much  larger  spin- 
exchange  cross  sections  and  large  polarizations  for  the 
stable  xenon  isotopes  have  been  observed.  The  details 
of  the  spin  transfer  (1)  are  complicated  and  most  of 
the  spin  transfer  occurs  in  RbXe  van  der  Waals 
molecules.3  A  third  body,  a  N;  molecule  in  our  exper¬ 
iments.  is  needed  to  form  the  RbXe  molecules.  The 
N;  also  quenches  the  fluorescence  of  the  optically 
pumped  Rb  atoms  and  prevents  the  reabsorption  of 
fluorescence,  which  destroys  the  Rb  spin  polarization. 

The  three  Xe  isotopes  were  oriented  by  spin  ex¬ 
change  with  polarized  87Rb  and  the  resulting  nuclear 
alignment  was  measured  by  observing  y-ray  anisotro¬ 
pies4*6  The  angular  distribution  of  y  rays  emitted 
from  oriented  nuclei  can  be  expressed  in  a  series  of 
even  Legendre  polynomials  /y  cos#), 

)  -  1  +  AjPjicosO)  -i-  .44/Vcosfl)  +  .  .  .  ,  (2) 


where  0  is  the  angle  between  the  orientation  axis  and 
the  direction  of  the  y  ray.  The  coefficient  Ak  can  be 
expressed  as  a  product,  Ak  —  pkFk,  of  orientation 
parameter  pk  and  a  function  £*  which  depends  on  the 
spin  sequence  and  multipolarity.7  The  tensor- 
orientation  parameters  are  defined  by 

P, -am  >'*£,.< -i>'- 

x  C (/  J  k;m  —  m  0)am,  (3) 

where  C  is  the  Clebsch-Gordan  coefficient  and  am  is 
the  population  of  the  m  state,  normalized  to  unity. 

The  isomers  13,Xe'"  and  133Xem  decay  to  the 
•L+  ground  states.  The  leading  multipolarity  should  be 
A/4  but  £5  is  also  allowed.  However,  the  £5  is  ex¬ 
pected  to  be  small  for  a  single  neutron  transition 
( A !  1/2  — '  dy j)  and  has  not  been  observed  in  other  ex¬ 
periments.  We  therefore  assume  a  pure  A/4  decay  and 
the  series  accordingly  terminates  at  k  -  8,  with  £0,  £2, 
£4,  £4,  and  £j  given  by  1,  -0.8890.  +0.4434, 
+0.0320,  and  -0.2624,  respectively.  A  useful  feature 
of  this  decay  is  that  the  y  intensity  along  the  orienta¬ 
tion  axis  is  zero  if  the  initial  nuclei  are  all  in  the 
m  -  +  - 7-  state. 

The  l,3Xe  nucleus,  with  spin  y  +  ,  decays  by  allowed 
Gamon-Teller  /3  emission  to  y+  levels  of  ,33Cs  at  81 
keV  and  161  keV.  These  states  then  decay  to  the  y+ 
ground  state  by  y  emission  with  £2/ A/1  mixing  ratios 
given  by*  6jj-  -0.152(2)  and  5j6i  —  +0.61(2).  The 
initial  nuclear  orientation  of  the  y+  133Xe  is  trans¬ 
ferred  to  the  f  +  states  by  0  decay,  resulting  in  align¬ 
ment  p2(T+)-(v/r4/5)p2(|+)  and  p«(f)-0. 
Thus,  only  the  Legendre  polynomial  P2  contributes  to 
the  angular  distribution  and  with  £;(81  keV) 
-0.067  14  and  £j(161  keV)-  0.8028  we  have 
A  2(81  keV)  - -0.0502p2(|  +  )  and  -4:(161  keV) 
-  +  0.601p2(y  + ). 

The  experimental  apparatus  is  illustrated  in  Fig.  1. 
The  tunable,  Kr+  laser  pumped,  dye  laser  produces 
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FIG.  1.  The  experimental  apparatus  for  polarizing  Xe  iso¬ 
topes. 

0.4  W  of  linearly  polarized  light  at  the  rubidium  D\ 
wavelength,  7947  nm.  with  a  bandwidth  of  —  30  GHz. 
The  laser  beam  is  expanded  and  passed  through  a  A/4 
plate  which  converts  the  light.to  circular  polarization. 
The  second  mirror  is  movable,  allowing  the  cell  to  be 
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FIG.  2.  The  count  rate  from  the  164  keV  A/4  y  ray  of 
mXe"  vs  cell  temperature.  The  open  points  were  taken  with 
the  laser  off.  The  solid  points,  taken  with  the  laser  on,  de¬ 
crease  as  the  Rb  density  increases,  demonstrating  significant 
nuclear  orient,  tion. 


illuminated  either  with  laser  light  or  by  a  rubidium 
lamp.  The  cells,  Pyrex-glass  spheres  with  an  inner  di¬ 
ameter  of  1  cm,  were  filled  with  a  few  milligrams  of 
'’Rb  metal,  about  10  nC i  of  l33Xe  (containing  traces 
of  l33Xe"  and  mXe"),  ar.d  50  Torr  of  N:  gas.  The  cell 
was  mounted  inside  an  oven  heated  by  flowing  hot  air. 
A  magnetic  field  was  maintained  in  the  propagation 
direction  of  the  laser  light  by  three  Helmholz  coil 
pairs.  A  smaller  pair  of  coils  near  the  cell  was  used  to 
drive  magnetic-resonance  transitions  in  the  audio-  and 
radio-frequency  range. 

The  y-ray  energy  spectrum  was  measured  with  a 
Ge(Li)  detector,  positioned  at  6-0°,  and  a  multichan¬ 
nel  pulse-height  analyzer.  The  intensities  in  the  four 
peaks  at  81  keV,  161  keV,  164  keV.  and  233  keV  were 
corrected  for  background  and  decay  and  recorded  for 
each  optical  pumping  and  NMR  condition.  The 
washout  of  the  angular  correlation  due  to  finite  detec¬ 
tor  size  is  —  5%  for  the  P2(cosO)  term. 

Figure  2  illustrates  the  intensity  of  the  164  keV  line 
of  the  -y-~  l3,Xe"  isomer,  with  laser  on  and  laser  off, 
as  a  function  of  cell  temperature,  or  equivalently,  Rb 
density.  At  room  temperature  there  is  no  observable 
difference  in  count  rates  indicating  no  appreciable  Xe 
nuclear  alignment.  As  the  temperature  is  increased 
the  Rb  density  increases  which  increases  the  collision 
frequency  of  a  Xe  atom  with  polarized  Rb  atoms.  At  a 
temperature  of  —  110°C  (Rb  density  of  — 1013 
atoms/cmJ),  the  spin-exchange  rate  is  fast  enough  to 
produce  noticeable  alignment  of  the  xenon  nuclei.  As 
the  temperature  is  increased  further  the  y-ray  count 
rate  decreases,  as  expected  with  increasing  nuclear 
alignment,  reaches  a  minimum  at  about  lSO'C  (I O’4 
atoms/cm3),  and  then  levels  off.  The  maximum  frac¬ 
tional  change  in  count  rate  (ratio  o:'  count  rate  with 


laser  on  and  laser  off)  is  0.56,  indicating  substantial 
but  not  complete  polarization  of  the  Xe  nuclei.  The 
saturation  of  alignment  which  occurs  at  150°C  is  not 
completely  understood  at  this  time  but  is  thought  to  be 
due  to  failure  to  maintain  complete  polarization  of  the 
Rb  atoms  at  high  density  (1014  atoms/cm-’).  At  this 
density,  spin  destroying  Rb-Rb  collisions  could  reduce 
the  Rb  spin  polarization.  To  characterize  the  nuclear 
orientation  we  assume  that  the  magnetic  substates 
have  an  equilibrium  Boltzmann  distribution  given  by 
Pm cc  eBm  which  is  determined  by  a  dimensionless 
spin-temperature  parameter  /3.  The  maximum  align¬ 
ment  achieved  (  —  150°C)  then  corresponds  to  a  tem¬ 
perature  /3-0.38.  At  this  temperature  the  dominant 
term  is  the  rank-2  alignment  for  which 
3*0.51  while  the  next  term  has  p4(-y-~ )  3s0.04.  The 
value  of  p$(  -y- -  )  if  all  nuclei  were  in  the  m  -  +  -y- 
state  is  1.74.  Our  result  is  29%  of  this  value. 

Although  we  illustrate  only  the  13lXem  data  we  ob¬ 
tain  substantially  the  same  alignment  for  both  -y-~  iso¬ 
mers,  I31Xe"and  ,3JXem.  The  spin  -y+  ,33Xe,  howev¬ 
er.  behaves  a  little  differently.  We  find  that  the  align¬ 
ment  begins  to  be  noticeable  at  a  slightly  lower  tem¬ 
perature.  namely  —  100°C  instead  of  110oC  as  ob¬ 
tained  for  the  -y--  isomers.  This  is  not  unexpected 
since  the  gyromagnetic  ratio  of  l33Xe  is  larger  than  that 
for  the  -y-“  isomers  (see  below)  and  this  should 
enhance  the  spin-transfer  process.  The  b3Xe  align¬ 
ment  increases  with  temperature  up  to  140°C  and  then 
begins  decreasing  with  higher  temperature,  unlike  the 
-y- _  isomer  which  seems  to  level  off.  At  the  peak  in 
orientation  the  rank-2  alignment  parameter  is 
p;(  y )  =  0.28  which  corresponds  to  a  spin-temperature 
parameter  of  /3(  4- )  =  0.83.  If  all  l33Xe  nuclei  were  in 
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the  /n  -  +  y  state  the  value  of  p 2(j)  would  be  1.0. 
We  have  achieved,  therefore,  about  30%  of  this  max¬ 
imum  for  l33Xe. 

The  magnetic-dipole  moments  of  the  xenon  isotopes 
were  measured  by  NMR  spectroscopy.  A  weak  alter¬ 
nating  magnetic  field  flrf  was  applied  tranverse  to  the 
static  field  B0.  The  resonances  were  observed  by  scan¬ 
ning  the  frequency  of  the  alternating  field  under  con¬ 
ditions  in  which  the  cell  was  at  —  150eC  and  the  Xe 
nuclei  were  oriented  by  the  laser.  When  the  rf  fre¬ 
quency  coincides  with  the  nuclear-precession  frequen¬ 
cy  the  nuclear  orientation  is  destroyed  and  the  count 
rate  changes.  The  resonance  pattern  for  mXe*  is  il¬ 
lustrated  in  Fig.  3.  We  note  that  the  0.5-Hz  width  of 
the  resonance  is  determined  in  this  case  by  the 
strength  of  the  rf  field  but  much  narrower  resonances 
are  possible  at  lower  rf  fields  because  of  very  long 
spin-relaxation  times.  To  minimize  the  effects  of 
long-term  drifts  in  the  magnetic  field,  the  data  were 
taken  in  three  sets  of  resonance  pairs,  namely,  ,33Xe- 
tJiXe«,  «JJXe'"-l31Xe",  and  *7Rb-l3,Xe".  The  reso¬ 
nance  data  for  each  pair  were  also  interwoven  so  that 
the  ratio  of  the  two  resonance  frequencies  would  be 
accurate.  The  resonance  frequencies  are  given  in 
Table  I. 

The  frequencies  for  Zeeman  transitions  of  *7Rb, 
which  were  used  for  field  calibration,  were  measured 
by  observing  changes  in  the  light  transmitted  through 
:he  cell  when  the  rf  field  induced  Zeeman  transitions 
in  the  F—2  multiples  A  rubidium  lamp  was  used  for 
these  measurements  because  the  laser  light  is  too 
noisy.  Since  the  low  light  intensity  of  the  lamp  is  un¬ 
able  to  penetrate  the  dense  Rb  vapor  at  —  150°C  the 
cell  had  to  be  quickly  cooled  to  ~-90°C  for  the  mea¬ 
surements. 

The  ,7Rb  Zeeman  transitions  are  .tot  resolved  at  the 
field  used  (  =  2  G).  The  observed  resonance  line  is 
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FIG  3  The  NMR  pattern  for  the  -y“  isomer  mXe" 
The  0  5-Hz  width  of  the  resonance  is  due  to  power  broaden- 
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TABLE I.  Centroid  frequencies  for  spin  resonances. 


Run 

Xe 

»'« 

(Hz) 

»(mXe-) 

(Hz) 

v,MmXe") 

1 

mXe 

884.442(77) 

294.781(6) 

3.00034(27) 

2 

'“Xe" 

321.077(45) 

294.850(8) 

1.088950  6) 

3 

*’Rb 

1505  291(32) 

294.753(8) 

5106.960  8) 

thus  a  superposition  of  all  four  transitions  in  the  mul- 
tiplet  F-2.  The  line  has  an  asymmetric  shape  which 
reverses  with  the  circular  polarization  of  the  light.  An 
average  over  all  four  transitions  and  both  polarization 
states  yields  the  frequency  given  in  Table  I.  This  cor¬ 
responds  to  a  field  experienced  by  the  Rb  atoms  of 
Z?o” 2.151  72(5)  G.  There  is  an  additional  small  con¬ 
tribution  to  the  field  experienced  by  the  xenon  atoms 
due  to  collisions  with  polarized  Rb  atoms.  From  in¬ 
dependent  studies9  we  estimate  that  this  field  would  be 
^Rb-xe”  3-09(30)  x  10“ 3  G  with  100%  polarization  at 
the  Rb  density  corresponding  to  a  cell  temperature  of 
147  ±5°C.  As  a  result  of  the  uncertainty  in  the  Rb 
polarization  at  high  density,  we  take  the  average  field 
to  be  75%  ±25%  of  this  maximum  value.  (Collisions 
of  Xe  with  other  Xe  atoms  and  with  N2  molecules  can 
be  expected  to  cause  a  frequency  shift  of  10“ 4  Hz  or 
less,  based  on  the  work  of  Brinkman  et  al. I0)  The  to¬ 
tal  field  experienced  by  the  Rb  atoms  in  run  3  is  there¬ 
fore  25 xe  “=  2.154  04 ( 80 )  G.  This  value  was  used  to 
determine  the  magnetic  moment  of  ,31Xem  from  the 
data  of  run  3.  Runs  1  and  2  then  determine  the  mag¬ 
netic  moments  of  l33Xe  and  133Xe'".  Table  II  summa¬ 
rizes  the  magnetic-moment  values  with  and  without 
the  correction  for  atomic  diamagnetism.  We  have  not 
determined  the  signs  of  the  moments.  Previous 
results  are  also  given  in  Table  II.  The  present  results 
are  substantially  more  accurate  for  the  -y-~  isomers 
than  the  previous  values  which  were  obtained  by  low- 
temperaiure  methods.  Our  l33Xe  result  agrees  reason¬ 
ably  well  with  a  preliminary  value  obtained  by  laser  hy- 
perfine  studies  in  excited  Xe  states. 


TABLE  II.  Magnetic  moments. 


Isotope 

^uncorr 

(Ms1 

Ucorrl* 

^previous 

mXe" 

0  987  34138) 

0.99435(38> 

—0.80  (10) 6 

mXe 

0.80792132) 

0.81365(32) 

0  8125(3)' 

n'Xe" 

1  075  IM45) 

1.082  79(45) 

—0.87(12)  * 

'Corrected  for  diamagnetism  with  t/(  I  -  <r )—  I  007092  See  Ref 
M 

^Reference  II 
'Reference  13 
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These  methods  can  be  extended  to  other  radioactive 
Xe  isotopes  and  very  likely  to  radioactive  isotopes  of 
Kr  and  Rn.  The  already  high  spin  polarization  can  cer¬ 
tainly  be  increased  by  more  careful  attention  to  wall 
relaxation  and  to  the  basic  limits  of  optical  pumping  at 
high  alkali-vapor  densities.  The  radioactive  isotopes 
have  already  been  useful  for  studying  spin  polarization 
in  samples  which  are  too  optically  thick  for  conven¬ 
tional  optical  methods. 
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Polarization  of  the  nuclear  spins  of  noble-gas  atoms  by  spin  exchange 
with  optically  pumped  alkali-metal  atoms 
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(Received  16  December  1983) 

The  theory  of  spin  exchange  between  optically  pumped  alkali-metal  atoms  and  noble-gas  nuclei  is 
presented.  Spin  exchange  with  heavy  noble  gases  is  dominated  by  interactions  in  long-lived  van  der 
Waals  molecules.  The  main  spin  interactions  are  assumed  to  be  the  spin-rotation  interactions  yN-S 
between  the  rotational  angular  momentum  N  of  the  alkali-metal— noble-gas  pair  and  the  electron 
spin  S  of  the  alkali-metal  atom,  and  the  contact  hyperftne  interaction  aK-S  between  the  nuclear 
spin  K  of  the  noble-gas  atom  and  the  electron  spin  S.  Arbitrary  values  for  K  and  for  the  nuclear 
spin  I  of  the  alkali-metal  atom  are  assumed.  Precise  formal  expressions  for  spin  transfer  coeffi¬ 
cients  are  given  along  with  convenient  approximations  based  on  a  perturbation  expansion  in  powers 
of  ia/yN)2,  a  quantity  which  has  been  shown  to  be  small  by  experiment. 


I.  INTRODUCTION 

In  this  paper  we  discuss  the  theory  of  polarization 
transfer  between  the  electron  spins  of  alkali-metal  atoms 
and  the  nuclear  spins  of  noble-gas  atoms  in  a  gas.  In 
1960,  Bouchiat,  Carver,  and  Vamum1  showed  that  the  an¬ 
gular  momentum  could  be  transferred  from  the  electron 
spins  of  optically  pumped  Rb  atoms  to  the  nuclear  spins 
of  3He  in  a  gaseous  mixture  of  the  two  elements.  Unfor¬ 
tunately,  the  exchange  times  were  extremely  long,  on  the 
order  of  days,  and  the  spin-exchange  optical-pumping 
method  was  set  aside  in  favor  of  the  method  of  metasta¬ 
bility  exchange2  3  where  3He  nuclei  were  polarized  by  hy- 
perfine  interactions  with  the  electrons  of  the  3S  metastable 
state  which  have  been  polarized  by  optical  pumping  with 
1.08 -^m  radiation.  Leduc  et  at .4,s  have  shown  that  it  is 
also  possible  to  polarize  the  nuclei  of  21Ne  by  optically 
pumping  the  metastable  states  of  neon  and  allowing 
metastability  exchange  collisions  to  carry  the  polarization 
to  ground-state  atoms.  Presumably,  similar  polarization 
methods  could  work  for  other  noble  gases.  A  serious  lim¬ 
itation  to  the  method  of  metastability  exchange  is  the 
need  to  operate  at  low  gas  pressures,  a  few  Torr  in  the 
case  of  3He  and  a  small  fraction  of  a  Torr  for  the  heavier 
noble  gases.  Collisional  decoupling  of  the  fine  structure 
in  JHe  degrades  the  optical-pumping  efficiency  and  col¬ 
lisional  spin  depolarization  of  the  metastable  states  is  a 
serious  problem  for  the  heavier  noble  gases.  In  contrast, 
the  method  of  spin  exchange  with  optically  pumped 
alkali-metal  atoms  can  be  expected  to  work  well  at  gas 
pressures  of  an  atmosphere  or  more. 

Renewed  interest  in  spin-exchange  optical  pumping  of 
noble-gas  nuclei  was  generated  when  Grover6  showed  that 
the  nuclei  of  l29Xe  could  be  polarized  with  remarkable  ef¬ 
ficiency  by  spin  exchange  with  optically  pumped  Rb 
atoms.  Subsequent  work7-9  has  shown  that  spin- 
exchange  rates  between  alkali-metal  electron  spins  and  the 
nuclei  of  heavy  noble  gases  are  completely  dominated  by 
interactions  in  van  der  Waals  molecules.  The  basic  pro¬ 


cess  is  illustrated  in  Fig.  1.  A  Rb  atom  and  a  Xe  atom 
collide  in  the  presence  of  a  third  body,  a  N2  molecule  in 
this  example,  and  form  a  weakly  bound  van  der  Waals 
molecule.  The  molecule  evolves  freely  for  a  time  r  until  it 
is  broken  up  by  a  collision  with  a  second  N2  molecule. 
During  the  relatively  long  molecular  lifetime  r  the  weak 
coupling  between  the  electron  spin  S’  of  the  alkali-metal 
atom,  the  rotational  angular  momentum  N  (not  shown)  of 
the  molecule  and  the  nuclear  spin  K  of  the  noble-gas  atom 
causes  S  to  flip  down  and  K  to  flip  partway  up.  In  con¬ 
trast  to  electron  spin  exchange  between  2S1/2  atoms  (alkali 
metals,  H  atoms,  etc.),  where  the  total  electron  spin  of  the 
colliding  pair  is  very  nearly  conserved,  only  a  small  frac- 


FIG.  1.  Alkali-metal-atom— noble-gas  molecules  are  formed 
in  three-body  collisions  at  a  rate  ( Tr)~ 1  per  alkali-metal  atom 
and  (  7> )" 1  per  noble-gas  atom.  They  are  broken  up  at  a  rate  of 
( r)~ 1  by  collisions  with  other  atoms  or  molecules. 
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tion  ( <  10%)  of  the  spin  lost  by  the  alkali  metal  is 
transferred  to  the  noble-gas  nucleus.  The  rest  is  lost  to  N, 
the  rotational  motion  of  the  alkali-metal  atom  and  the 
noble-gas  atom  about  each  other. 

It  is  noteworthy  that  the  spin-exchange  rates  are  ex¬ 
tremely  slow  for  noble  gases  in  alkali-metal  vapors  be¬ 
cause  of  the  weakness  of  the  spin  interactions  and  the  in¬ 
frequency  of  three-body  collisions.  For  example,  the 
electron-electron  spin-exchange  rate  constant  for  an 
alkali-metal  atom  in  an  alkali-metal-atom  vapor  is  on  the 
order  of  10-’  cm1  sec-1.  The  nuclear-electron  spin- 
exchange  rate  constant  for  a  noble-gas  atom  in  an  alkali- 
metal-atom  vapor  is  at  most  10“ 14  cm3  sec-1  (for 
,wXeRb  at  about  15  Torr  N2  pressure)  and  the  rate  con¬ 
stant  depends  strongly  on  the  third-body  pressure. 

Since  the  principal  experimental  facts  about  spin- 
exchange  optical  pumping  of  noble-gas  nuclei  are  not 
widely  known,  we  thought  it  would  be  useful  to  briefly  re¬ 
view  some  of  them  here.  A  sketch  of  a  typical  apparatus 
used  in  our  laboratory10  is  shown  in  Fig.  2.  A  source  of 
pumping  light  which  in  Fig.  2  is  a  resonance  lamp,  but 
which  can  also  be  a  tunable  laser,  is  circularly  polarized 
and  is  used  to  pump  the  D\  transition  of  an  alkali-metal 
atom.  The  time  required  to  polarize  the  noble-gas  nuclei 
depends  on  the  cell  temperature  and  on  the  gas  pressure 
and  composition  in  the  cell.  A  few  minutes  of  pumping 
are  usually  necessary.  After  the  noble-gas  nuclei  are  po¬ 
larized,  the  subsequent  evolution  of  the  polarization  can 
be  monitored  by  removing  the  circular  polarizer  from  the 
lamp  and  observing  the  circular  dichroism  of  the  vapor 
for  £>,  resonance  light.  As  indicated  in  Fig.  2,  it  is  useful 
to  adiabatically  invert  the  nuclear  spins  of  the  noble-gas 
nuclei  from  time  to  time  during  the  decay  to  eliminate 
problems  due  to  slow  drifts  in  the  response  of  the  detec¬ 
tion  system.  A  representative  decay  curve  is  shown  in 
Fig.  3.  By  analyzing  the  data  of  Fig.  3  we  find  that  the 
,wXe  nuclei  decay  at  a  rate  of  5.5xlO-3  sec-1  after  a 
loss  of  about  1%  of  the  nuclear  polarization  per  spin  in¬ 
version  has  been  taken  into  account.  In  Fig.  4  we  show 
the  measured  dependence  of  the  intrinsic  decay  rate  of  the 
noble-gas  nuclear  polarization  on  the  alkali-metal  atomic 
density,  as  deduced  from  the  cell  temperature  and  saturat¬ 
ed  vapor  pressure  formulas.  Note  that  the  noble-gas 
spin-polarization  rate  depends  linearly  on  the  alkali-metal 
number  density.  We  may  thus  interpret  the  intercept  of 
the  curve  in  Fig.  4  as  the  relaxation  rate  due  to  collision 
with  the  walls.  In  Fig.  5  we  show  how  the  alkali-metal- 
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FIG.  3.  A  representative  relaxation  curve  of  12,Xe  nuclear 
spins  in  a  cell  containing  1  Torr  12,Xe,  35  Torr  N2,  and  a  few 
droplets  of  lsRb  metal.  Cell  temperature  was  70.2 *C;  the  decay 
time  of  181  sec  is  due  to  collisions  with  Rb  atoms  and  with  the 
cell  walls.  Each  spin  inversion  destroys  about  1%  of  the  spin 
polarization. 

induced  relaxation  depends  on  the  third-body  gas  pres¬ 
sure,  measured  in  units  of  a  characteristic  pressure  p0 
which  is  discussed  in  more  detail  in  connection  with  Eq. 
(156).  The  relaxation  rate  is  a  maximum  at  a  pressure  of 
about  15  Torr  of  N2  and  the  rate  diminishes  for  higher  or 
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FIG.  2.  Main  parts  of  an  apparatus  to  study  spin-exchange 
optical  pumping  of  noble  gases.  Detailed  description  of  the  ap¬ 
paratus  is  contained  in  the  text  and  in  Ref.  10. 


FIG.  4.  Dependence  of  the  ,24Xe  spin-relaxation  rate  on  the 
,7Rb  number  density  in  an  uncoated  Pyrex  cell  containing  21 
Torr  of  N2  and  in  a  silicone-coated  Pyrex  cell  containing  14.9 
Torr  of  N2.  Wall-induced  relaxation  rate  is  the  intercept  at 
(Rb]=0.  Silicone-coated  cells  have  much  longer  wall  relaxation 
times  for  mXe  than  uncoated  cells  (Ref.  10). 
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FIG.  5.  Dependence  of  the  ‘’Rb-mduced  relaxation  rate  of 
IMXe  spins  on  third-body  pressures  for  cells  containing  y  T on 
INXe  and  operated  at  a  temperature  of  75 *C  where  [Rb]  =  10  ! 
cm'1.  Solid  line  is  calculated  from  formula  (82)  (Ref.  11). 

lower  third-body  pressures.  Essentially  the  same  relaxa¬ 
tion  rates  are  observed  with  He  or  Nj  as  third  bodies  pro¬ 
vided  that  the  helium  pressure  is  1.6  times  greater  than 
the  N2  pressure."  Finally,  in  Fig.  6  we  show  the  depen¬ 
dence  of  the  alkali-metal-induced  relaxation  rate  on  the 
externa]  field.9  The  relaxation  rate  is  slowed  down  to 
values  close  to  the  wall-induced  rate  when  a  magnetic 
field  of  a  few  hundred  gauss  is  applied  to  the  sample.  The 
width  of  the  magnetic  slowing-down  curve  increases  with 
the  third-body  pressure.  Data  such  as  those  of  Fig.  6 
show  unequivocally  that  the  relaxation  of  the  noble-gas 
nuclear  spins  is  completely  dominated  by  long-lived  van 
der  Waals  molecules.  If  the  relaxation  were  caused  by 
binary  collisions,  with  correlation  times  on  the  order  of 
10-12  sec,  magnetic  fields  on  the  order  of  104  G  would  be 
needed  to  slow  down  the  relaxation  rate.  Figure  6  shows 
that  the  correlation  times  of  the  interaction  responsible 
for  spin  relaxation  are  on  the  order  of  10-7  sec,  the  Lar- 
mor  period  of  an  electron  spin  in  a  field  of  100  G.  This 
long  correlation  time  is  almost  certainly  the  collisionally 
limited  lifetime  of  a  van  der  Waals  molecule. 

Spin  interactions  between  alkali-metal  and  noble-gas 


atoms  also  lead  to  significant  polarization-dependent 
shifts  in  the  magnetic  resonance  frequencies  of  the  spins. 
Grover4  has  developed  a  widely  used  method  to  detect  the 
spin  polarization  of  noble  gases  at  very  small  magnetic 
fields  by  observing  the  shifts  which  they  produce  in  the 
magnetic  resonance  frequencies  of  alkali-metal  atoms.  A 
related  method  which  works  at  large  magnetic  fields  has 
been  developed  by  McClelland.12  A  major  advantage  to 
the  frequency-shift  methods  is  their  sensitivity  to  spin  in¬ 
teractions  of  such  short  duration  that  negligible  transfer 
of  longitudinal  spin  occurs.  Thus  the  frequency-shift 
method  is  especially  useful  for  observing  the  effects  of 
binary  collisions.  A  disadvantage  of  frequency-shift 
methods  is  their  great  sensitivity  to  magnetic  field  fluc¬ 
tuations.  A  substantial  investment  in  magnetic  shielding 
is  necessary  for  the  successful  application  of  frequency- 
shift  methods. 

In  this  paper  we  present  the  basic  theory  of  spin  ex¬ 
change  between  alkali-metal  atoms  and  noble-gas  nuclei. 
We  have  made  extensive  experimental  studies  of  spin- 
exchange  optical  pumping  of  noble-gas  nuclei  during  the 
past  several  years  and  the  development  of  the  theory  has 
been  guided  and  constrained  by  experimental  facts.  A 
particularly  important  experimental  result  is  that  the 
spin-rotation  interaction  is  usually  much  larger  than  the 
spin-exchange  interaction.  We  have  carried  out  experi¬ 
ments  on  the  alkali-metal  atoms  133Cs,  85Rb,  87Rb,  and 
39IC  with  nuclear  spins  /  =  y,  y,  y  and  y,  respectively. 
We  have  also  investigated  ,29Xe  and  ,3,Xe  with  nuclear 
spins  X  =  y  and  y.  Consequently  the  theory  has  been 
cast  in  a  form  for  which  /  and  K  are  free  parameters.  We 
have  also  adhered  as  closely  as  possible  to  the  notation  of 
Bouchiat  et  al. 13-14  who  first  recognized  the  importance 
of  van  der  Waals  molecules  for  the  spin  relaxation  of 
alkali-metal  atoms  in  heavy  noble  gases  but  who  did  not 
address  the  question  of  spin-exchange  polarization  and  re¬ 
laxation  of  noble-gas  nuclei.  The  theory  presented  here 
reduces  to  that  of  Bouchiat  et  al.13  when  the  noble-gas 
nuclear  spin  K  is  zero. 

Since  our  own  experiments  have  been  mostly  concerned 
with  isotopes  of  xenon  where  the  spin  relaxation  is  com- 


FIG.  6.  Dependence  of  the  ,7Rb-induced  relaxation  rate  of 
1I9Xe  spins  on  the  magnitude  of  an  external  magnetic  field  H. 
Relaxation  rate  slows  down  substantially  for  fields  of  a  few  hun¬ 
dred  gauss.  Higher  magnetic  fields  are  needed  to  slow  down  the 
relaxation  rates  in  cells  with  higher  gas  pressure  (Ref.  9). 
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FIG.  7.  An  overview  of  the  phenomena  considered  in  this  pa¬ 
per  and  of  the  ranges  of  validity  of  various  approximations.  Pa¬ 
rameters  A,  yN,  and  amr  are  to  be  interpreted  as  root-mean- 
square  values. 
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pletcly  dominated  by  van  der  Waals  molecules,  we  have 
stressed  the  relaxation  due  to  molecules  in  this  paper. 
However,  we  do  discuss  the  simpler  situation  of  relaxation 
due  to  binary  collisions  in  Sec.  X. 

We  derive  formal  expressions  for  spin-transfer  and 
spin-relaxation  rates  of  general  validity  but  of  such  com¬ 
plexity  that  solutions  by  electronic  computers  are  needed 
to  compare  with  experiment.  One  goal  of  this  paper  has 
been  to  present  simpler,  easily  evaluated  formulas  which 
are  in  good  agreement  with  exact  numerical  results  in 
clearly  defined  regimes  of  applicability.  These  regimes 
are  delimited  by  the  molecular  breakup  rates  r~  1  which 
are  equal  (when  multiplied  by  ft)  to  certain  terms  in  the 
Spin  Hamiltonian.  An  overview  of  the  main  physical 
properties  of  these  regimes  and  of  the  sections  of  the  pa¬ 
per  devoted  to  each  regime  is  contained  in  Fig.  7. 

II.  BASIC  THEORY 

The  simplest  spin  Hamiltonian  which  is  consistent  with 
currently  known  data  on  spin  relaxation  and  spin  transfer 
in  mixtures  of  alkali-metal  vapors  and  noble  gases  is 

H  =  /U-S  +  yN-S  +  aK-S+gspBB  S 

+g/A*flB- 1  (1) 

The  physical  significance  of  the  various  angular  momen¬ 
tum  vectors  of  (1)  is  illustrated  in  Fig.  8.  The  electronic 


FIC  8.  Interacting  spins  of  an  alkali-metal -noble-gas  van 
der  Waals  molecule.  Nuclear  spins  of  the  alkali-meta]  and 
noNe-gas  atoms  are  denoted  by  /  and  K,  respectively.  Electron 
spin  of  the  alkali-metal  atom  is  S  and  the  rotational  angular 
momentum  of  the  molecule  is  N.  An  external  field  B  adds  vec- 
torially  to  the  internal  spin-rotation  field  to  produce  a  net  rota¬ 
tion  velocity  to  for  the  electron  spin  S  of  an  alkali-metal  atom 
without  hyperfine  structure.  For  alkali-metal  atoms  with  a  nu¬ 
clear  spin  I  the  total  angular  momentum  F  rotates  at  a  velocity 
±io/(  2/  +  I )  about  to  for  F  =  /  ±  -y .  Finally,  the  nuclear  spin  K 
of  the  noble  gas  rotates  at  a  velocity  ±<omf/\x  (2/  ±  1 )]  about  <J 
where  m /  is  the  azimuthal  quantum  number  of  F  and 
x  =yN /a  is  the  Brett-Rabi  field  parameter  defined  in  Eq.  (35). 
Experiments  show  that  x1 »  I  for  many  alkali-metal— noble-gas 
pairs. 


spin  S  of  the  alkali-metal  atom  in  the  molecule  is  coupled 
to  the  nuclear  spin  1  of  the  aljcali-metal  atom  by  the 
magnetic  dipole  interaction  A  I  "S.  The  electron  spin  of 
the  alkali-metal  is  also  coupled  to  the  rotational  angular 
momentum  N  of  the  molecule  by  the  spin-rotation  in¬ 
teraction  yN'S.  The  nuclear  spin  of  K  of  the  noble-gas 
atom  is  coupled  to  the  electron  spin  of  the  alkali  metal  by 
the  magnetic  dipole  interaction  aK-S.  An  external  mag¬ 
netic  field  B  couples  to  the  magnetic  moments  of  S,  1, 
and  K  as  shown  in  (1).  The  g  factors  g,  and  gK  will  be 
some  3  orders  of  magnitude  smaller  than  gs ■  All  of  the 
coupling  coefficients  A,y,a,. . .  will  depend  somewhat  on 
the  vibrational  and  rotational  state  of  the  van  der  Waals 
molecule  or  on  the  intermolecular  separation  and  velocity 
of  an  unbound  colliding  pair.  We  shall  understand  that 
subsequent  formulas  are  to  be  averaged  over  appropriate 
molecular  quantum  states  or  collisional  parameters. 

In  the  conventional  notation  introduced  by  Frosch  and 
Foley15  the  magnetic  dipole  hyperfine  coupling  is  written 
in  the  form 


ffdipoit  —  bK'S+cKuSn  , 


(2) 


where  KR  and  SR  are  projections  of  the  angular  momen¬ 
tum  operators  K.  and  S  along  the  intemuclear  axis  R.  In 
subsequent  calculations  of  spin-relaxation  and  spin- 
transfer  processes  it  will  be  more  convenient  to  write  the 
interaction  (2)  as  the  sum  of  purely  scalar  and  purely  ten¬ 
sor  parts 


H  dipole  —  OtK'S  +  C 


KrSk - 


ICS 

3 


(3) 


where  the  relationship  between  a  and  the  conventional 
Frosch-Foley  parameters  is 


a  =  b  +  y  .  (4) 

We  expect  the  purely  scalar  interaction  aK-S  to  be  rela¬ 
tively  large  in  a  van  der  Waals  molecule  because  of  the 
substantia]  overlap  of  the  alkali-metal  valence  electron 
wave  function  with  the  noble-gas  nucleus,  as  discussed  by 
Herman.16 

The  purely  tensor  interaction  is  less  effective  in  causing 
spin  transfer  and  spin  relaxation  than  the  scalar  interac¬ 
tion.  For  example,  one  can  show  that  for  binary  collisions 
or  for  short-lived  molecules  the  relaxation  rates  of  (X,) 
due  to  the  two  interactions  are  in  the  ratio 


2 

icnsor  C 

~  18a2  ' 


(5) 


Although  no  direct  information  about  the  tensor  interac¬ 
tion  is  available  for  alkali-metal— noble-gas  van  der  Waals 
molecules,  Herman16  states,  without  giving  numbers,  that 
the  tensor  interaction  is  small  relative  to  the  scalar  in¬ 
teraction  for  alkali-metal— noble-gas  pairs.  In  this  con¬ 
nection  it  is  interesting  to  note  that  Childs,  Cok,  and 
Goodman17  have  made  very  precise  spectroscopic  studies 
of  molecules  like  CaCl  which  are  well  described  by  the 
ionic  structure  Ca  +  CI~.  This  ionic  molecule  is  isoelect- 


3096 


W.  HAPPER  et  at. 


29 


ronic  to  the  van  der  Waals  molecule  KAr  and  it  has  the 
same  221/2  ground-state  symmetry.  If  the  scalar  and  ten¬ 
sor  coupling  coefficients  have  similar  relative  sizes  in 
alkali-metal— noble-gas  molecules  as  in  the  alkaline- 
earth— halogen  molecules  studied  by  Childs  et  al.11  there 
will  be  negligible  contribution  to  the  relaxation  and  spin- 
transfer  processes  from  the  tensor  interaction.  For  exam¬ 
ple,  in  CaCi,  Childs  et  al. 17  measure  b  =  19.2  MHz  and 
c=  12.5  MHz,  and  therefore  (5)  implies  that  less  than  2% 
of  the  relaxation  of  (Kt)  would  be  caused  by  the  tensor 
interaction.  We  have  therefore  omitted  the  tensor  interac¬ 
tion  from  the  Hamiltonian  (1),  and  we  shall  ignore  the 
contribution  of  the  tensor  interaction  to  the  various  spin- 
transfer  rates  in  the  subsequent  discussions. 

The  rotational  angular  momentum  N  of  (1)  is  typically 
on  the  order  of  100  and  it  is  so  large  compared  to  the  oth¬ 
er  spins  in  the  problem  that  we  may  regard  N  to  be  a 
fixed  classical  vector  during  the  molecular  lifetime  which 
is  limited  by  collisions  to  about  10-7  sec  at  1  Torr  of  gas 
pressure.  For  convenience  we  introduce  a  rotation  fre¬ 
quency 


to  represent  the  effect  of  N  on  S.  In  a  like  manner  we  in¬ 
troduce  the  rotational  frequency  due  to  the  external  field 
B: 


<Oq  — 


gsPB& 

ft 


(7) 


These  frequencies  are  sketched  in  Fig.  8  along  with  their 
vector  sum 

O)  =  OJo*h  CJ  i  —  cu£  ,  (8) 

where  £  is  a  unit  vector  along  the  direction  of  <u.  Note 
that  we  may  now  write  (1)  as 


H  =  A  I  -S  +  fuoS^-t-aK  S+g/fiB  I 

(9) 


We  shall  find  it  convenient  to  introduce  a  laboratory 
coordinate  system  ( x,y,z )  whose  z  axis  lies  along  the 
direction  of  the  external  magnetic  field  B.  The  laboratory 
system  will  be  used  to  describe  the  results  of  experimental 
measurements  We  shall  also  find  it  convenient  to  intro¬ 
duce  an  orthonormal  coordinate  system  (£,t;,£)  with  the  £ 
axis  defined  by  (8).  As  is  shown  in  Fig.  8,  the  £  axis  is 
tilted  by  an  angle  P  from  the  z  axis.  We  see  that  the 
molecular  Hamiltonian  (9)  is  axially  symmetric  about  £  if 
we  ignore  the  very  small  terms  involving  g;  and  gK ,  and  it 
will  therefore  be  expedient  to  calculate  wave  functions  of 
(9)  in  the  (£,r/,£)  coordinate  system. 

It  will  be  convenient  to  calculate  the  spin-transfer  and 
spin-relaxation  rates  in  the  interaction  picture,1*' 19  i.e.,  in 
a  system  for  which  the  density  matrices  of  the  spins 
would  be  time  independent  if  there  were  no  interactions 
between  the  alkali-metal  and  noble-gas  atoms.  If  an 
alkali-metal  atom  and  a  noble-gas  atom  are  so  far  apart 
that  they  do  not  interact  with  each  other  the  Hamiltonian 
//„  for  the  noninteracting  pair  would  be 


^  I 'S+g5/iafi5, +g;^ig57, .  (10) 

The  interaction-picture  density  matrix  a  is  related  to  the 
Schrodinger  picture  density  matrix  p  by 

p=UHoU~'  ,  (11) 

where  the  evolution  operator  Un  is  related  to  the  nonin¬ 
teracting  Hamiltonian  (10)  by 

UK  =exp( -iHKt/ft)  .  (12) 

Since  the  alkali-metal  atom  and  the  noble-gas  atom 
form  molecules  very  infrequently,  typically  once  every 
hundred  seconds  for  a  noble-gas  atom,  and  since  the  more 
frequent  binary  collisions  are  of  very  short  duration,  typi¬ 
cally  10“ 12  sec,  it  is  an  excellent  approximation  to  write 
the  density  matrix  of  an  alkali-metal— noble-gas  pair  at 
the  instant  of  molecular  formation,  or  just  before  a  binary 
collision,  as 


Oo— ORbOxt  •  (13) 

The  initial  density  matrix  (13)  will  evolve,  after  a  time  /, 
to 

cr„=U-'Uo0U-'Un  ,  (14) 

where  U„  was  defined  in  (12)  and  the  evolution  operator 
for  an  interacting  pair  as 

U  =exp(  —  iHt/fi)  .  (15) 

Then  the  rate  of  change  of  some  observable  quantity  M, 
for  example,  the  spin  K,  of  a  noble-gas  nucleus,  is 

=  y~ yTrl(Mcv-A/)o0]  ,  (16) 

where  the  time-evolved  operator  is 

Mty  =  U-'UnMU-'U  (17) 

and  the  symbol  Tr  denotes  a  trace  over  all  spin  basis  states 

of  the  alkali-metal— noble-gas  pair.  The  rate  of  formation 
of  van  der  Waals  molecules  per  atom  of  the  type  associat¬ 
ed  with  the  observable  M  is  denoted  by  T~\M).  For 
convenience  we  will  set 

T~'(M)  =  Tf'  (18) 

for  any  observable  associated  with  an  alkali-metal  atom 

and 

T~'(M)  =  T (19) 


for  any  observable  associated  with  a  noble-gas  atom.  We 
will  normally  find  that  TK  »Tf-  because  the  number  den¬ 
sity  of  the  noble-gas  atoms  greatly  exceeds  that  of  the 
alkali-metal  atoms. 

The  density  matrix  of  the  noble-gas  atoms  can  be  writ¬ 
ten  as 


«7X,=  W  + 


3(K)K 

/nK  +  niK] 


(20) 


We  shall  henceforth  denote  the  statistical  weight  of  any 
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ngular  momentum  quantum  number,  e.g.,  K,  by 

[AT]  =  2/C  4-  1  .  (21) 

he  contribution  from  higher  multipole  moments, 19,20 
hich  we  have  denoted  by  ellipses,  is  small  when  the 
oble-gas  nuclei  are  weakly  polarized,  the  situation  which 
revailed  for  most  of  the  experiments  described  in  this  pa- 
er.  Similarly,  the  density  matrix  of  the  alkali-metal 


I  -  HJ)  f 

aRb  2[/J  /(/  +  1)[/1  +  "■ 

Here  the  sum  is  over  the  two  possible  values  of  the  total 
ngular  momentum  quantum  number  of  the  alkali-metal 
tom,  /  =  /+  y.  The  projection  of  the  total  angular 
lomentum 


nthin  each  hyperfine  multiplet  is  denoted  by 

1 =p(/)Fp  ( /)  ,  (24) 

'here  the  projection  operators  are 

n(f  —  l- 1-  -  )=  [/]-** ‘S  - Z -  Q5) 

P/  2[/]  /(/+ 1)  '  25 

n  the  future  we  shall  call  f  =  a  \{  f  =  I  +  \  and  /  =  b  if 
=  /  —  y.  The  corresponding  operators  from  (24)  will  be 
enoted  by  a  and  b.  We  shall  henceforth  use  the  nota- 
lon  f1  to  denote  the  square  of  the  angular  momentum 
perator.  By  substituting  (13),  (20),  (22),  and  (17)  into  (16) 
'e  find 

|<J’>  =  7^S \qu,L)(i)-su,L)] ,  (26) 

'here  the  symbols  J  and  L  can  be  a,  b,  or  K,  the  labels  of 
ie  three  angular  momenta  which  characterize  the  polari- 
ation  of  the  alkali-metal  and  noble-gas  atoms. 

The  spin-transfer  coefficient  is 


q(J,L)=  -bn  + 


2{l\[K\HL  +  \)W(L) 
xTrtfA  J  U.-'ULU-')  . 


tVib)=-^'  (29) 

W(K)=  1  . 

They  may  be  thought  of  as  the  probabilities  W[L)  for 
finding  an  unpolarized  atom  in  the  angular  momentum 
state  L.  We  have  neglected  in  (26)  terms  S with 
J'^J  and  L'^J.  The  coefficients  of  these  terms  are 
negligibly  small  under  conditions  of  interest  for  this  work. 
Finally,  we  note  the  special  case  S(a,b)  —  S(b,a)  =  0  which 
occurs  because  there  are  no  terms  with  products  of  (a) 
and  (  b )  in  o0  of  (13). 

The  lifetime  of  a  van  der  Waals  molecule  may  depend 
weakly  on  the  rotational  and  vibrational  state  of  the  mole¬ 
cule.  However,  we  shall  make  the  simplifying  assumption 
that,  independent  of  the  state  of  the  molecule,  the  proba¬ 
bility  to  find  the  lifetime  between  t  and  r  +  dr  is 

P(t)dt  =  T~xe~,/Tdt  ,  (30) 

where  r  is  the  mean  lifetime  of  the  molecule.  When  (27) 
and  (28)  are  averaged  over  (30)  the  oscillatory  time  factors 
of  the  operators  U  and  U„  are  converted  into  resonance 
denominators  appropriate  to  the  matrix  elements  of  the 
numerators,  as  we  shall  show  in  the  next  few  sections. 

HI.  FORMAL  AVERAGE  OVER  THE  DIRECTION 
OF  N  FOR  NEGLIGIBLY  SMALL 
MAGNETIC  FIELD  B  «rN/fit 

We  consider  the  situation  where  (see  Fig.  8) 

"o«"i-  (31) 

For  RbXe  molecules  this  corresponds  to  fields  of  a  few 
gauss  or  less.  Then  neither  the  eigenvalues  nor  eigenvec¬ 
tors  [expressed  in  the  (£,?7,f)  system  of  coordinates]  of  (1) 
will  depend  appreciably  on  the  direction  of  N,  and  the 
average  over  all  directions  of  N  reduces  the  tensor  q(J,L) 
to  the  scalar 

qu,u=  — - —  y  -zK?2  lilllxHzlLlii 

2[/][*]  fj  l+(a>„T)2  L(L+\)W(L) 


he  terms  S  {J,L)  describe  the  spin-polarization- 
rpendent  shifts  of  the  magnetic  resonance  frequencies  of 
ie  alkali-metal  and  noble-gas  atoms  and  they  are  given 


and  the  frequency-shift  terms  reduce  to  the  vector  cross 
products 

SU,L)=s{J,L)(  J>X<L>  ,  (33) 

where  the  scalar  coefficients  are 


S(  J,  L. ) 


9  Tr(  J  Un  'U  (  J  >  •  J  L  ■  ( L  >  (/  1  (/„ 
J(J  4  \)[J]IAL  +!)[/.] 


he  argument  of  the  time-evolution  operators  U  and  t/„ 
t,  the  lifetime  of  the  van  der  Waals  molecule  before  col- 
tional  breakup.  The  weights  H'(L)  are  defined  by 


SU'L)  4[/][K]  J  l4-(J„r)2 


O  I  H «)•<!'  I ( J  xL ) \j) 
J(J  4-1  )L(L  4-1) W(J)W(L) 


The  basis  states  |  t  )  and  |  j  )  are  eigenstates  of  the  Ham- 
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Experimental  determination  of  the  rate  constants  for  spin  exchange 
between  optically  pumped  K,  Rb,  and  Cs  atoms  and  129Xe  nuclei 
in  alkali-metal— noble-gas  van  der  Waals  molecules 
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By  anal y ring  the  measured  spin-relaxation  transients  of  12*Xe  nuclear  spins  and  alkali- metal- 
atomic  spins  in  mixtures  of  alkali-metal-atom  vapors,  Xe  gas,  and  larger  amounts  of  N2  gas,  we 
have  determined  the  three-body  formation  rates  and  the  spin-transfer  probabilities  for  alkali - 
metal — noble-gas  van  der  Waals  molecules.  Three  parameters,  in  addition  to  the  spin  quantum  num¬ 
bers  of  the  alkali-metal  and  noble-gas  nuclei,  are  needed  to  predict  the  spin-transfer  rates.  These  pa¬ 
rameters,  which  we  have  determined  from  experimental  measurements,  are  x  —  yN  /a,  the  ratio  of 
the  spin-rotation  interaction  yN  to  the  spin-exchange  interaction  a;  p0,  the  third-body  pressure  for 
which  the  molecular  breakup  rate  r-1  is  equal  to  the  spin-rotation  frequency  yN/h\  and  Z,  the 
three-body  rate  constant  for  forming  van  der  Waals  molecules. 


L  INTRODUCTION 

i  1960  Carver  and  Boachiat1  first  showed  that  it  was 
able  to  transfer  angular  momentum  from  optically 
iped  alkali-metal-atom  vapors  to  the  nuclei  of  3He  gas 
tpin-exchange  collisions.  However,  the  spin-transfer 
i  were  disco uragingly  slow,  and  the  spin-exchange 
s  section  was  estimated2  to  be  about  10~26  cm2.  In 
1  Grover3  showed  that  much  faster  spin-transfer  rates 
d  be  obtained  from  the  heavy  noble  gas  l29Xe,  and  the 
s  appeared  to  be  consistent  with  a  cross  section  of 
”  cm2.  Subsequent  wad  by  Volk  et  al.*  showed  that 
h  of  the  spin  transfer  occurred  in  loosely  bound 
li-metal— noble- gas  van  der  Waals  molecules.  Bhas- 
et  al.s  showed  that  a  large  part  of  the  alkali-metal- 
s  spin  angular  momentum  was  wasted  by  being 
sformed  into  rotational  angular  momentum  of  the 
li— noble-gas  pair  about  each  other.  A  comprehensive 
ry  of  the  spin-transfer  and  spin-relaxation  processes 
ilkali— noble-gas  systems  was  developed  by  Happer 
f.‘ 

sea  use  most  of  the  spin  transfer  between  alkali-metal 
is  and  heavy  noble  gases  occurs  in  van  der  Waals 
sculea,  it  is  not  possible  to  describe  the  process  with  a 
>le  spin-exchange  cross  section.  Three  steps  are  in- 
ed  in  the  spin  exchange,  the  formation  of  a  van  der 
ils  molecule  in  a  three-body  collision,  the  evolution  of 
spins  during  the  lifetime  of  the  van  der  Waals  mole- 
,  and  the  collisional  breakup  of  the  molecule  as  illus- 
id  in  Fig.  1.  If  the  alkali-metal-atom  spin  polariza- 
is  described  by  a  high  spin  temperature,  the  rates  of 
ige  of  the  small  longitudinal  spin  polarizations  (F,) 
(K,)  of  the  alkali-metal  atoms  and  noble-gas  atoms, 
actively,  are  described  by  the  equations6 

^-(F,)  =  ~{q(F,FHF,)+q{F,K)(K,)]  ,  (1) 

Of  If 

-~(K,)  =  ~[q(K,K)(K,)^q[K.Fl(F,)]  ,  (2) 

31 


where  l/7>  and  \/TK  are  the  molecular  formation  rates 
per  alkali-metal  atom  and  noble-gas  atom,  respectively. 
The  spin-transfer  coefficient  |  q(F,F)  |  is  the  probability 
that  the  allcali-metal-atom  spin  polarization  will  be  de¬ 
stroyed  during  the  lifetime  of  the  van  der  Waals  molecule, 
and  the  coefficient  q(F,K)  is  the  fraction  of  the  nuclear 
spin  of  the  noble-gas  atom  which  is  transferred  to  the 
alkali-metal  atom  during  the  lifetime  of  the  molecule. 
The  coefficients  q(K,K)  and  q(K,f)  have  analogous 
meanings. 

The  spin-transfer  coefficients  depend  on  the  product 
Hr  of  the  molecular  spin  interaction  Hamiltonian  H  and 
the  mean,  collisionally  limited  lifetime  r  of  the  molecule. 


FIG.  1.  Alkali-metal— noble-gas  van  der  Waals  molecules  are 
formed  in  three-body  collisions  at  a  rate  of  Tf'  per  alkali-metal 
atom  and  7V 1  per  noble-gas  atom.  They  are  broken  up  at  a  rate 
of  r_l  by  collisions  with  other  atoms  or  molecules. 
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with  the  width  obtained  from  the  perturbation  formulas 
(94)  and  (97),  The  zero-pressure  width  A//o  is  obtained  by 
numerical  evaluation  of  (97),  The  high-pressure  width  ob¬ 
tained  from  (94)  is 

4//  =  ^,  (166) 

XsMs  P  o 

We  have  used  the  simple  hyperbolic  formula 

2  1/2 

A//  =  ( A//0)2  +  fM7]  ±-  (167) 

gsPB  P  0 

to  interpolate  between  the  low-  and  high-pressure  expres¬ 
sions  for  A H.  The  agreement  between  the  perturbation 
formula  and  the  numerical  formula  is  excellent.  The  ef- 
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feet  of  a  distribution  of  N  is  to  decrease  the  predicted 
width  by  some  15%. 

In  Fig.  17  we  show  how  the  low-pressure  width  A H0 
depends  on  the  coupling  constant  yN  for  fixed  values  of 
the  other  parameters  of  (155).  Over  a  large  range  of  the 
ratio  x  =  yN /a  the  width  is  proportional  to  the  spin- 
rotation  coupling  constant.  The  effect  of  a  distribution  of 
N  is  to  lower  the  predicted  ratio  of  A//  to  yN  by  about 
15%. 
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FIG.  14.  Comparison  between  exact  numerical  evaluations 
and  perturbative  approximations  of  the  spin-transfer  coefficient 
qlF.K).  Effect  of  assuming  a  distribution  in  N  is  also  shown. 


and  P{N)  = 0  for  all  other  values  of  N.  Here  the  constant 
N,  is  the  rms  value  of  N  defined  by 

N}  =  N2P(N)dN  .  (165) 

Jo 

Since  the  perturbation  formulas  of  Secs.  VII  and  VIII  are 
obtained  as  power-series  expansions  in  N~'  we  can  expect 
difficulties  if  we  naively  average  the  formulas  over  the 
distribution  (163),  which  has  substantial  contributions 
from  small  values  of  N  where  the  expansion  parameter 
x~'  =a/yN  exceeds  unity.  However,  it  is  straightfor¬ 
ward  to  average  the  numerical  evaluations  of  (32),  (34), 
and  (39)  over  the  distribution  (163). 

A  comparison  of  the  perturbation  formula  (82)  with  the 
numerical  evaluations  of  (32)  is  shown  in  Fig.  12.  There 
is  good  agreement  over  the  whole  range  of  relative  pres¬ 
sures  p/po  and  the  distribution  of  N  makes  little  differ¬ 
ence.  A  similar  comparison  of  the  perturbation  formula 
(84)  with  the  numerical  evaluation  of  (32)  is  shown  in  Fig. 
13.  The  distribution  of  N  lowers  the  relaxation  rate  by 
about  10%  near  the  peak  of  the  curve.  In  Fig.  14  we 
compare  the  perturbation  formula  (85)  to  the  numerical 
evaluation  of  (32).  The  distribution  of  W  causes  q(F,K) 


FIG.  13.  Comparison  between  exact  numerical  evaluations 
and  perturbative  approximations  of  the  frequency-shift  coeffi¬ 
cient  sia.K).  Effect  of  assuming  a  distribution  in  N  is  also 
shown. 


FIG.  16.  Comparison  between  exact  numerical  evaluations 
and  perturbative  approximations  to  the  width  AW  of  the  mag¬ 
netic  slowing-down  curves.  Effect  of  assuming  a  distribution  of 
N  is  also  shown. 

to  increase  by  nearly  a  factor  of  2  for  low  third-body  pres¬ 
sures.  In  Fig.  15  we  compare  the  perturbation  formula 
(86)  for  the  frequency-shift  coefficient  s(a,K)  to  the  nu¬ 
merical  evaluation  of  (34).  There  is  good  agreement  even 
when  the  distribution  of  N  is  taken  into  account.  From 
Figs.  12—15  we  see  that  there  is  good  agreement  between 
perturbation  formulas  and  the  numerical  evaluation  of  the 
coefficients  in  most  cases,  but  the  distribution  of  N  can 
have  a  very  large  effect  on  the  spin-transfer  coefficient 
q(F,K )  for  small  third-body  pressures.  The  overall  agree¬ 
ment  is  best  for  the  coefficient  q(K,K). 

Studies  of  the  slowing  down  of  the  spin-relaxation  rates 
in  a  large  external  magnetic  field,  as  illustrated  in  Fig.  6, 
have  played  an  important  role  in  determining  the  magni¬ 
tudes  of  the  coupling  constants  in  the  Hamiltonian  (1). 
We  will  define  the  width  of  a  magnetic  slowing-down 
curve  like  one  of  those  in  Fig.  6  as  the  magnetic  field  A H 
at  which  the  relaxation  rate  has  decreased  to  half  of  its 
peak  value.  The  width  Ai/0  at  very  low  third-body  pres¬ 
sures  is  a  fairly  direct  gauge  of  the  spin-rotation  interac¬ 
tion  constant  yN.  In  Fig.  16  we  show  a  comparison  of 
the  width  determined  from  numerical  evaluation  of  (39) 


FIG.  17.  Comparison  between  exact  numerical  evaluations 
and  perturbative  approximations  lo  the  zero-pressure  width 
AH0  of  the  magnetic  slowing-down  curves.  Effect  of  assuming 
a  distribution  of  N  is  also  shown. 
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VIII  and  exact  numerical  evaluations  of  (32),  (34),  and 
(39)  with  a  computer.  To  carry  out  the  numerical  evalua¬ 
tion,  the  matrix  elements  of  the  Hamiltonian  (9)  were 
evaluated  in  terms  of  the  basis  states  |/,  mf,mK)  dis¬ 
cussed  in  connection  with  Eq.  (60).  By  dropping  the  very 
small  terms  proportional  to  g;  and  g*  we  obtained  a  ma¬ 
trix  which  was  block  diagonal,  with  each  block  corre¬ 
sponding  to  a  total  azimuthal  quantum  number  m^  +  m* 
about  the  £  axis  of  Fig.  8.  The  blocks  were  diagonalized 
and  the  eigenvectors  were  used  to  calculate  the  matrix  ele¬ 
ments  in  the  numerators  of  (32),  (34),  and  (39),  while  the 
eigenvalues  were  used  to  calculate  the  resonant  denomina¬ 
tors.  We  used  the  following  parameters,  which  are 
representative  of  the  ®7Rbl2,Xe  molecule: 

/  =  {,  K  =  j,  yN  =  4,  a=  1,  >4=118.  (155) 

The  molecular  lifetime  r  of  (30)  was  expressed  in  terms  of 
the  ratio  p/po  of  the  third-body  pressure  to  a  characteris¬ 
tic  pressure  p0 


ft  P  o 
yN  p 


(156) 


That  is,  p0  is  that  third-body  pressure  for  which  the 
molecular  lifetime  r  is  equal  to  the  spin  rotational  period 
MyN)~'.  Ramsey  et  a/.11  have  shown  that  the  charac¬ 
teristic  pressures  p0  for  N2  and  He  are  81  and  133  Torr, 
respectively. 

We  note  that  the  spin-transfer  rates  are  the  product  of  a 
molecular  formation  rate  2  '(J)  and  a  spin-transfer  coef¬ 

ficient  qU,L )  as  shown  in  (26).  We  have  therefore  plot¬ 
ted  as  a  function  of  p/p0  the  quantities  [p /p0)q(J,L) 
which  are  proportional  to  1 1  /T(J)\q(J,L),  as  one  can  see 
from  the  following  arguments. 

In  chemical  equilibrium  the  breakup  rate  of  molecules 
per  unit  volume  must  equal  the  formation  rate  per  unit 
volume  and  we  must  therefore  have 


[RbXe]r_l 


_  [X«]  _  [Rb] 

Tk  Tf 


(157) 


Thus,  we  may  rewrite  (157)  as 

~[Xe]*r-'  =  ^*[Xe]^-  (158) 

‘  F  «  Po 


=  [  Rb]*r- 1  *r  ^~-x[  Rb]  , 

1  k  «  Po 

where  the  chemical  equilibrium  constant  is 

=  [RbXe] 

(Rb](Xe] 

thus 

^-9(M)=2^*c[Xe]^,(/,X) 

'  F  *  Po 

and 

-^9<*./>=^[Rb]^<*,/) 

‘  k  n  p  o 


(159) 


(160) 


(161) 


(162) 


We  note  that  the  parameters  yN  and  a  will  depend  on  the 


FIG.  12.  Comparison  between  exact  numerical  evaluations 
and  perturbative  approximations  of  the  spin-transfer  coefficient 
q{K,K).  Effect  of  assuming  a  distribution  in  the  rotational 
quantum  number  N  is  also  shown. 


vibrational  and  rotational  state  of  the  van  drr  Waals  mol¬ 
ecule.  If  y/a  is  approximately  independent  of  the  quan¬ 
tum  state  the  important  ratio  x  =  yN  /a  will  depend  on 
the  distribution  of  the  rotational  quantum  number  N.  All 
of  the  formulas  of  the  preceding  sections  have  implicitly 
assumed  a  fixed  value  of  N.  For  the  short-lifetime  re¬ 
gimes  described  in  Secs.  IX  and  X,  we  are  only  concerned 
with  the  mean-squared  value  of  N  and  the  form  of  the 
probability  distribution  is  unimportant.  However,  for  the 
longer  molecular  lifetimes  discussed  in  Secs.  VII  and  VIII 
the  rms  value  of  N  is  not  sufficient  to  determine  the 
average-coupling  constants.  Bouchiat  el  a/.13  suggested 
that  the  following  simple  distribution  of  N  is  a  reasonable 
approximation  for  heavy  van  der  Waals  molecules: 


P(N)  = 


9  N 
ION} 


2- 

6^ 

1/2 

N 

5 

Nr 

for 


0<N  <2 


1/2 


Nr 


(163) 


(164) 


FIG.  13.  Comparison  between  exact  numerical  evaluations 
and  perturbative  approximations  of  the  spin-transfer  coefficient 
q(F,F).  Effect  of  assuming  a  distribution  in  the  rotational 
quantum  number  N  is  also  shown. 
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That  is,  the  optical  admittance  is  just  half  the  number  of 
photons  absorbed  per  second  by  the  alkali-metal  atoms  in 
the  sample  cell. 

We  note  that  the  capacitances  CRb  and  CXe  are  propor¬ 
tional  to  factors  (F2-F2)  and  (K2~K2)  which  depend 
on  the  spin  polarization,  except  for  the  special  case  of  spin 
7.  For  S  =  {  we  have,  independent  of  polarization, 

<SJ-S2>  =  j  . 

For  spins  greater  than  7,  factors  like  (K2  —  Kj)  are  al¬ 
ways  larger  than  7  and  they  reflect  the  fact  that  more  an¬ 
gular  momentum  can  be  stored  in  a  large-spin  atom 
than  in  an  atom  with  the  minimum  spin  7.  Thus  we  may 
think  of  a  minimum-spin  atom  (i.e.,  a  spin-7  atom)  as  the 
equivalent  of  an  “air-gap”  capacitor  for  angular  momen¬ 
tum,  while  an  atom  with  spin  greater  than  7  is  like  a 
capacitor  with  dielectric  material  between  its  plates.  This 
suggests  that  we  define  a  “paramagnetic  constant”  for  a 
spin- AT  atom  by 

e(K,p)  =  2(K1-K})=2 

where 

+  K 

Z  =  j  exp  (149) 

"it*—* 

then  the  capacitance  (144)  can  be  written  as 

CXe  =  n[Xe]{€(K,/?)  ,  (150) 

where  7  is  the  capacitance  per  atom  for  a  spin- 7  atom, 
the  ideal  air-gap  capacitance,  and  e(K,fi)  is  the  paramag¬ 
netic  constant  which  corrects  for  the  fact  that  the  spin  K 
may  be  larger  than  7. 

For  K  >  7  the  paramagnetic  constant  will  depend  on 
the  degree  of  polarization  and  the  capacitance  (150)  will 
therefore  be  voltage  dependent  in  somewhat  the  same  way 
as  the  capacitance  of  a  back-biased  pn  junction.  We  note 
that  the  paramagnetic  constant  decreases  with  increasing 
polarization  and  saturates  at  a  minimum  value 

e{K,ao)  =  2K  (151) 

for  a  fully  polarized  nucleus  with  FXt  =  1  and  all  atoms  in 
the  state  with  maximum  azimuthal  angular  momentum 
K.  This  ensures  that  the  charge  of  a  fully  polarized  nu¬ 
cleus  of  spin  K  is  K.  We  also  note  that  for  very  weak  po¬ 
larization  the  paramagnetic  constant  reaches  its  maximum 
value  which  is 

€(K.0)=7K(K  +  1)  .  (152) 

Paramagnetic  constants  for  a  few  selected  examples  are 
shown  in  Fig.  1 1  as  a  function  of  the  voltage,  tanh(0/2), 
of  (137). 

For  an  alkali-metal  atom  in  spin-temperature  equilibri¬ 
um  the  paramagnetic  constant  is 

<(F,0)  =  2<FJ  — F,J)=2<S:— S,J>+2</J  — //> 

=  1  +«(/,/?>,  (153) 


K(K  +  \)- 


1  d2Z 
Z  dp2 


(148) 


FIG.  11.  Paramagnetic  constants  of  a  spin  system  are  a  mea¬ 
sure  of  the  amount  of  angular  momentum  which  can  be  stored 
in  a  spin  system. 


where  e(/,0)  is  defined  by  (148).  One  may  therefore  ob¬ 
tain  the  paramagnetic  constant  for  an  alkali-metal  atom 
of  nuclear  spin  I  -  K  by  adding  one  unit  to  the  appropri¬ 
ate  curves  of  Fig.  11.  We  note  that  the  paramagnetic  con¬ 
stants  (148)  are  related  as  follows  to  the  Brillouin  func¬ 
tions  Bk (x)  defined  by  Smart:28 


e(  *,/?>  = 


2KBk(KP) 
B\, tKP/2)  ' 


(154) 


We  note  that  in  a  typical  experiment  with  stable  heavy 
noble  gases  where  the  relaxation  of  both  the  alkali-metal 
and  noble-gas  spins  is  dominated  by  molecular  formation, 
the  number  density  (and  therefore  the  capacitance  CXc)  of 
the  noble-gas  atoms  is  orders  of  magnitude  larger  than  the 
number  density  (and  therefore  the  capacitance  CRb)  of  the 
alkali-metal  atoms.  Consequently,  the  RC  time  constant 
for  charging  or  discharging  the  noble-gas  capacitor  with 
angular  momentum  will  be  orders  of  magnitude  longer 
than  the  RC  time  constant  for  the  alkali-metal  capacitor. 
Representative  time  constants  for  the  alkali-metal  capaci¬ 
tor  are  a  few  milliseconds  while  representative  time  con¬ 
stants  for  the  noble-gas  capacitor  are  minutes  to  nearly 
one  hour  in  our  own  work.  We  note  that  the  effects  on 
the  alkali-metal  atoms  of  other  spin-destroying  mecha¬ 
nisms  like  diffusion  have  been  omitted  from  Fig.  10. 
These  additional  spin-relaxation  mechanisms  can  be 
represented  by  resistor  in  parallel  with  Rit. 


XIII.  COMPARISON 
OF  PERTURBATION  FORMULAS 
WITH  EXACT  NUMERICAL  SOLUTIONS 

We  conclude  this  paper  with  a  comparison  between  the 
relatively  simple  perturbation  formulas  of  Secs.  VII  and 
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ized  alkali-metal  atoms.  For  example,  (124)  becomes 


~-w 


(130) 


Since  the  details  of  optical  pumping  are  not  a  central  part 
of  this  paper  we  refer  the  reader  to  Ref.  27  for  additional 
discussions  of  broad-line  optical  pumping  with  conserva¬ 
tion  of  the  nuclear  spin  in  the  optical-pumping  cycle. 

XII.  RC  NETWORK  MODEL 

Some  insight  into  the  behavior  of  the  systems  under 
consideration  here  can  be  gained  by  representing  the  sys¬ 
tem  with  the  electrical  circuit  model  shown  in  Fig.  10  and 
discussed  in  detail  below.  For  simplicity  we  have  limited 
our  discussion  to  the  high-pressure  regime  of  Sec.  IX. 
The  collection  of  alkali-metal  atoms  in  the  sample  cell  is 
represented  by  the  capacitor  CRb  and  the  noble-gas  atoms 
are  represented  by  the  capacitor  CXe-  The  total  spin  an¬ 
gular  momentum  of  the  alkali-metal  atoms  is  equivalent 
to  the  charge  stored  on  the  capacitor: 


QRb  =  fl[Rb]<FI)  , 


(131) 


where  fl  is  the  volume  of  the  cell  and  (Fz)  is  the  volume 
averaged  angular  momentum  per  alkali-metal  atom.  In  a 
like  manner  the  total  spin  angular  momentum  of  the 
noble-gas  atoms  is 


Qx^niXeJU,) 


(132) 


If  we  sum  (108)  over  the  two  possible  values  of  /  to  obtain 
a  formula  for  (d/dt){Fz)  and  multiply  the  resulting 
equation  by  fl[Rb]  we  obtain 


i 


(^x«-FRb). 


where  the  “voltages”  FRb  and  KXe  are 
<F,> 


FRb  = 


VX'  = 


{F2  —  F2) 

<*,) 

<K2-K2) 


(133) 

(134) 

(135) 


In  the  following  discussion  we  shall  assume  that  the  spin 
systems  are  described  by  the  spin-temperature  distribution 
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FIG.  10.  Process  of  spin-exchange  optical  pumping  is  well 
described  by  an  RC  network  model.  Angular  momentum  is 
analogous  to  electrical  charge  which  is  stored  on  capacitors 
which  represent  the  alkali-metal  and  noble-gas  atoms.  Spin  po¬ 
larization,  tanh(0/2),  is  analogous  to  voltage.  The  resistors  are 
related  to  various  terms  in  the  Hamiltonian  (I). 


•-  tS  •v'f  su.** 


(43).  Then  one  can  show  that 
<F,>  </,> 


fflRb) 


y^=  - =2<5,>=tanh 

<F2-F,2>  </2-/,2>  2 


(136) 


where  /3(Rb)  is  the  spin-temperature  parameter  of  the 
alkali-metal  atoms.  Similarly,  we  assume  that 


FXc  = 


(k2—k}) 


■  =tanh 


fflXe) 

2 


(137) 


where  we  expect,  in  general,  that  f3{Xt)^=p{ Rb).  The 
magnitudes  of  the  voltage  are  always  less  than  one  and 
angular  momentum  will  flow  from  a  “high-voltage”  spin 
system  to  a  “low-voltage"  spin  system  just  as  ordinary 
charge  flows  under  the  influence  of  ordinary  voltage. 

The  spin-rotation  admittance  is  given  by 


where 


J_2 

T0  3 


yNr 

[I)ft 


<f2-f2>  , 


1  n[Rb]  ft[Xe] 
T0  ~  Tf  ~  Tk 


(138) 


(139) 


is  the  total  rate  of  formation  of  molecules  in  the  sample 
cell. 

The  spin-exchange  admittance  is  given  by 


1 


1 

To 


ar 


U)fi 


< F2-F2)(K2-K l)  , 


(140) 


In  a  like  manner,  if  we  multiply  (109)  by  ft[Xe]  we  see 
that  it  can  be  written  as 


v"-r*')-hr*' ■ 

where  the  wall  admittance  is  given  by 


1 


CXt 


(141) 


(142) 


The  capacitors  are  defined  as  the  ratios  of  charge  to  volt¬ 
age  for  the  two  types  of  atoms,  i.e., 

£?Rb 


CRb  — 
Cxt  = 


FRb 
Qx L 


=  n[Rb]<F2-F2>  , 

=n[Xe]<x2-A:J2> . 


(143) 

(144) 


If  we  multiply  (131)  by  fi[Rb]  we  find 

^CRb=~(Fop,-FRb), 

''opt 


(145) 


where  the  optical  emf  is  equal  to  the  mean  photon  spin 


yopt  —  SI 

and  the  optical  admittance  is  given  by 
1  _  fI[Rb]R 

Fop.  2 


(146) 


(147) 
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l(K2-K,2)<S,)-{<fC,)]  .  (123) 


In  the  practically  important  case  of  spin-exchange  equili¬ 
brium  (see  Sec.  V)  one  can  ignore  the  complicated  coupled 
equations  (118)  and  (119)  and  consider  their  sum  which  is 
simply 


2  (  12 


dt  *'  7> 

1  2 
l’ 

yNr 

ft 

+ 

ar 

fi 

{k2-K)) 

<sz) 

1 

+  -vr 

<*,>• 

(124) 

The  frequency-shift  formulas  (110)— (112)  remain  valid 
for  the  conditions  of  this  section  as  well  as  those  of  Sec. 


IX. 


XI.  OPTICAL  PUMPING 

•  For  completeness  we  briefly  discuss  the  primary  source 
of  angular  momentum  for  the  system  considered  here;  of 
course  this  is  the  beam  of  circularly  polarized  light  which 
is  absorbed  by  the  alkali-metal  atoms.  One  of  the  simplest 
situations  to  analyze  and  also  a  situation  which  frequently 
is  closely  approximated  in  practice  is  broad-line  pumping 
with  circularly  polarized  D,  light  in  the  presence  of  an 
appropriate  buffer  gas.26  As  discussed  in  Ref.  26  broad¬ 
line  pumping  refers  to  a  situation  where  the  spectral  pro¬ 
file  of  the  exciting  light  is  such  that  equal  light  intensities 
are  available  to  drive  transitions  from  any  of  the  two 
ground-state  multiplets  fg—I±\  to  any  of  the  excited- 
state  multiplets  f,—I±  j.  As  the  name  “broad-line”  im¬ 
plies,  this  will  usually  be  true  if  a  pressure-broadened  res¬ 
onance  lamp  or  a  multimode  laser  is  used  as  the  pumping 
source.  It  will  also  be  true  for  a  single-mode  laser  if  the 
Doppler  and  collisional  broadening  of  the  absorption  line 
are  much  bigger  than  the  hyperfine  splitting. 

It  is  well  known  that  the  details  of  optical  pumping  de¬ 
pend  on  the  fate  of  the  excited  P\n  atoms  which  are  pro¬ 
duced  when  a  photon  is  absorbed.  Here  we  consider  an 
especially  simple  situation  which  is  nearly  realized  in 
many  of  the  experiments  on  spin-exchange  optical  pump¬ 
ing  of  noble-gas  nuclei.*  We  shall  assume  that  the  elec¬ 
tronic  angular  momentum  J  of  the  excited  Pw2  atom  is 
completely  randomized  before  the  excited  atom  decays  ei¬ 
ther  by  spontaneous  emission  or,  more  likely,  by  a 
quenching  collision  with  a  N2  molecule.  We  shall  also  as¬ 
sume  that  the  hyperfine  coupling  in  the  excited  state  is  so 
weak  and  the  ./-randomization  time  is  so  short  that  there 
is  negligible  depolarization  of  the  nuclear  spin  I  in  the  ex¬ 
cited  state.  Under  these  conditions  one  can  show  that  op¬ 
tical  pumping  is  completely  equivalent  to  spin  exchange 
with  a  pseudo  spin- y  particle. 

The  equivalence  of  optical  pumping  to  spin  exchange 
for  the  optical-pumping  conditions  mentioned  above  can 
be  proved  with  the  methods  outlined  in  Ref.  27.  Howev¬ 
er,  we  will  give  a  physical  plausibility  argument  here.  In  a 
binary  spin-exchange  collision  the  collision  duration  is  so 
short  compared  to  the  hyperfine  period  of  the  alkali-metal 
atom  that  the  nucleus  has  no  time  to  evolve  during  the 


collision  and  the  nuclear  polarization  is  conserved.  For 
broad-line  optical  pumping  the  duration  of  a  “collision” 
between  an  alkali-metal  atom  and  a  photon  can  be 
thought  of  as  the  inverse  of  the  optical  frequency 
linewidth  of  the  light  source  or  the  inverse  of  the  optical 
absorption  linewidth  of  the  alkali-metal  atoms,  whichever 
is  shorter.  We  are  considering  a  situation  where  the  pho¬ 
ton  collision  duration  is  very  short  compared  to  the  hy¬ 
perfine  period  so  the  nucleus  is  unable  to  evolve  during 
the  time  of  a  photon-atom  collision.  If  the  atoms  are  rap¬ 
idly  deexcited  before  the  nuclear  polarization  can  evolve 
under  the  influence  of  hyperfine  interactions  in  the  excit¬ 
ed  state,  the  collision  with  a  photon  will  have  no  effect  on 
the  nuclear  polarization.  With  respect  to  the  electron 
spin,  we  know  that  an  alkali-metal  atom  with  a  spin-down 
electron  can  undergo  a  binary  spin-exchange  collision 
with  a  spin-up  collision  partner.  There  will  be  no  interac¬ 
tion  if  the  electron  spin  of  the  alkali-metal  atom  is  parallel 
to  that  of  its  collision  partner.  Similarly,  an  alkali-metal 
atom  with  a  spin-down  electron  can  absorb  a  o  +  photon 
of  D  |  light  but  no  light  will  be  absorbed  if  o _  photons 
impinge  on  alkali-metal  atoms  with  spin-down  electrons 
or  <7+  photons  impinge  on  alkali-metal  atoms  with  spin- 
up  electrons.  After  a  spin-exchange  collision  between  an 
alkali-metal  atom  with  a  spin-down  electron  and  a  spin-up 
collision  partner  the  mean  electron  spin  of  the  alkali- 
metal  atom  will  be  zero,  so  7  a  unit  of  angular  momen¬ 
tum  will  have  been  added  to  the  alkali-metal  atom.  In  a 
like  manner,  after  a  collision  between  a  spin-down  alkali- 
metal  atom  and  a  a+  photon  the  mean  electron  spin  of 
the  alkali-metal  atom  will  be  zero  and  7  a  unit  of  angular 
momentum  will  have  been  added  to  the  alkali-metal  atom. 
The  nuclear  polarization  of  the  alkali-metal  atom  is 

changed  by  ground-state  hyperfine  interactions  in  the  rel¬ 

atively  long  intervals  between  spin-exchange  or  photon 
collisions. 

Because  of  the  equivalence  of  broad-line  optical  pump¬ 
ing  with  conservation  of  the  nuclear  spin  polarization  to 
spin-exchange  collisions,  the  evolution  of  the  observables 
(az)  and  (bz)  is  given  by  Eqs.  (118),  (119),  and  (124)  of 
Sec.  X,  with  the  following  replacements: 

(Kz)^j,  (125) 

where  sz  is  the  mean  spin  of  the  pumping  photons, 

(K2-K})-^\  ,  (126) 

(  K2—  -jK  2)— «0  .  (127) 

Equations  (126),  (127),  and  (128)  are  all  consequences  of 
the  fact  that  the  photons  behave  like  spin-  7  particles  as 
far  as  angular  momentum  transfer  is  concerned.  To  make 
use  of  (118),  (119),  and  (124)  we  must  also  set 


yN  =0  , 


(128) 


and 
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where  R  is  the  mean  photon  absorption  rate  for  unpolar- 
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tion  theory  of  Secs.  VI— VIII.  One  can  verify  that  the 
perturbation  formulas  of  Sec.  VII  reduce  to  the  formulas 
of  this  section  when  the  criteria  (91)— (93)  are  satisfied 
and  when  the  factors  </2  —  //)  and  (K2  —  K})  are  re¬ 
placed  by  their  low-polarization  limits  /(/  + 1)[/]/3[/] 
and  jK (K  + 1 ),  respectively. 


X.  VERY  SHORT  MOLECULAR  LIFETIMES, 
BINARY  COLLISIONS,  AND  RELAXATION 
AND  SPIN  TRANSFER  WITH  A/  =0,  ±  1 


We  consider  finally  the  limit  of  very  short  molecular 
lifetimes  where  in  addition  to  the  criteria  (91)  and  (92)  we 
have 
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proximation  write  (102)  as 
AH-AH 


(115) 


during  the  encounter  between  an  alkali-metal  atom  and  a 
noble-gas  atom.  Then  the  evolution  operator  is 
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and  the  evolved  operator  (17)  becomes 


Mey=M  +  ^[AH,M)-j 


[AH,  [AH,  Af]]+  • 


The  criterion  (114)  will  always  obtain  for  binary  collisions 
between  alkali-metal  atoms  and  noble-gas  atoms  where 
the  encounter  duration  is  on  the  order  of  10“ 12  sec.  It 
will  also  hold  for  van  der  Waals  molecules  in  the  case  of 
third-body  pressures  of  a  few  atmospheres  or  greater  as  is 
indicated  in  Fig.  7.  In  view  of  (114)  we  may  to  good  ap- 
_ I 


(117) 

The  commutators  in  (117)  can  be  evaluated  in  a  straight¬ 
forward  way.  If  we  assume  purely  longitudinal  polariza¬ 
tion  and  average  according  to  (30)  over  all  times  t  and 
over  all  directions  of  N  we  find  from  (16) 
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where  the  coupling  matrix  is 

fl//,=  2m2’f[/]  +  2(_1,a"/|f(/J“(“I,a"A|  (‘20) 

Physically,  B jj  is  the  fraction  of  the  angular  momentum 
\f,  )  originally  in  the  multiplet  f  which  is  transferred  to 
the  multiplet  /  after  a  collision  which  destroys  the  elec¬ 
tron  spin  S  of  the  alkali-metal  atom  but  which  does  not 
affect  the  nuclear  spin  /.  This  is  often  called  an  electron 
randomizing  collision,  and  it  occurs  for  collisions  of  very 
short  duration  because  the  Hamiltonian  AH  of  (101)  does 
not  contain^  explicitly  (except  possibly  in  a  term  of  the 
form  A  A  I  -S  which  could  contribute  to  the  coupling  of 
</,)  and  <5,)  at  very  large  magnetic  fields).24  As  was 
first  pointed  out  by  Bouchiat,26  the  eigensolutions  of  (1 18) 
and  (119)  in  the  absence  of  noble-gas  polarization  corre¬ 


spond  to  two  different  time  constants 
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These  time  constants  correspond  to  an  observable  which 
Bouchiat  denotes  by  Q,  which  is  similar  but  not  identical 
to  the  electron  spin  and  to  a  slowly  relaxing  observable 
</,)  which  is  identical  to  the  longitudinal  nuclear  spin. 
We  refer  the  reader  to  the  literature19,25  for  a  more  de¬ 
tailed  discussion  of  relaxation  by  electron  randomization. 
The  relaxation  equation  for  ( K, )  is  much  simpler  and  is 
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IX.  SHORT  MOLECULAR  LIFETIMES: 

RELAXATION  AND  SPIN  TRANSFER  WITH  A/  =0 

All  of  the  spin  coupling  equations  (26),  (47),  and  (48) 
become  much  simpler  when  the  criteria  (91)— (93)  are  sa¬ 
tisfied.  We  note  that  the  compound  unitary  operator  of 
(14)  and  (17)  satisfies  the  Schrodinger  equation 

iti~u-'U=Ui  U-'U  ,  (100) 

where 


AT/ =//-//„ 

(101) 

AT/  =  U~'  AT/  U,  . 

(102) 

If  we  write  out  the  matrix  elements  of  ATT  in  terms  of  the 
eigenstates  of  Hn  we  notice  that  the  terms  which  are  off 
diagonal  in  /  oscillate  many  times  during  the  molecular 
lifetime  because  of  the  criterion  (93).  The  matrix  elements 
which  are  diagonal  in  /  are  time  independent  if  the  exter¬ 
nal  magnetic  field  B  is  zero,  or  they  oscillate  a  small  frac¬ 
tion  of  a  cycle  if 

B«—  (103) 

we  shall  assume  that  the  smallness  criterion  (103)  for  B  is 
satisfied  along  with  (91)— (93).  Then  the  rapidly  oscillat¬ 
ing  parts  of  A H  will  have  negligible  effect  on  the 
Schrodinger  equation  (100)  and  we  may  therefore  drop  the 
rapidly  oscillating  terms  from  A H,  ignore,  because  of 
(103),  the  slow  oscillations  due  to  B,  and  replace  A H  by 
its  secular  part 

A/7=  2A//(/)  ,  (104) 

/ 

where  the  projections  within  the  multiplets  /  are 

A  T/ (/)=/>(/)  AT/ p</)  .  (105) 


The  evolution  operator  is  therefore 
i  AT/ 1 
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and  the  evolved  operator  ( 1 7)  becomes 


M„  =  M  +  -£(A//<A  M] 


2(AJ7(/),[AJr<AM)]+'** 

’  (107) 

The  commutators  in  (107)  can  be  readily  evaluated.  If  we 
assume  that  purely  longitudinal  polarization  exists  we 
find  from  (16),  after  averaging  according  to  (30)  over  t 
and  over  all  directions  of  N, 
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The  significance  of  the  factors  (K2  —  K2)  and  (F2—F2) 
is  discussed  in  Sec.  XII. 

In  the  event  that  transverse  polarization  exists,  e.g., 
during  a  magnetic  resonance  experiment  or  after  a  jtr 
pulse,  the  terms  linear  in  r  from  (107)  lead  to  frequency- 
shift  terms  of  the  form 


(110) 


d  ,  v  s(K,S){St)  , 

f(<Kx  ±iK, )  =  ±» - ±iK, )  + 


(111) 

where  the  frequency-shift  coefficients  are 

s(a,K)=-s(b,K)=5-^~L  =  ^Ti  UI2) 

[/]  *[f] 

and  where  the  electron  spin  (in  the  absence  of  coherence 
between  the  multiplets  a  and  6)  is 


S=jyj(a-b).  (113) 

We  note  that  the  restriction  to  low  spin  polarization 
which  was  implicit  in  the  use  of  the  multipole  expansions 
(20)  and  (22)  does  not  apply  to  (108)  and  (109),  which 
remain  valid  for  arbitrarily  large  spin  polarization.  We 
also  note  that  the  expressions  (108)  and  (109)  are  valid  for 
arbitrary  values  of  the  ratio  x  =  yN /a  and  one  can  there¬ 
fore  analyze  experiments  at  high  buffer  gas  pressures, 
where  (108)  and  (109)  are  valid,  to  determine  the  internal 
field  parameter  x,  which  plays  a  key  role  in  the  pertufbn- 
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VIII.  PERTURBATION  FORMULAS  FOR  SPIN-TRANSFER  COEFFICIENTS  WHEN  B>rft/p, 

All  magnetic  decoupling  experiments  done  so  far  have  been  concerned  with  the  slowing  down  of  the  relaxation  of  the 
longitudinal  noble-gas  spin  ( Kt )  or  the  longitudinal  alkali-metal  spin  (Ft)  in  a  large  magnetic  field  B  which  defines  the 
z  axis  of  the  laboratory  coordinate  system.  The  transverse  spin  polarization  is  negligible  in  such  experiments.  The  relax¬ 
ation  processes  of  the  alkali-metal  and  the  noble-gas  spins  are  therefore  described  by  the  longitudinal  components  of  the 
spin  coupling  coefficients  q(F,F)  and  q{K,K),  and  we  shall  therefore  limit  our  discussion  to  them. 

By  substituting  the  perturbed  energies  and  operators  of  Sec.  VI  into  (39)  we  find 
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Here  both  <f>  and  x  depend  on  the  angle  \p  since  they  are 
defined  as 
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and  cj  depends  on  $  as  shown  in  Fig.  8. 

Although  the  integrals  over  >l>  in  (88)  can  be  evaluated 
in  closed  form,  the  general  result  is  so  cumbersome  that 
we  shall  only  present  two  limiting  cases  here,  the  situa¬ 
tions  with  very  long  and  very  short  molecular  lifetimes  r. 
For  very  short  molecular  lifetimes  such  that 
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but  also  for  lifetimes  sufficiently  long  that  /  and  S  can 
couple  to  F  during  a  molecular  lifetime,  i.e., 
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For  *7Rb129Xe  the  range  of  validity  of  the  criteria 
(91)— (93)  is  indicated  in  Fig.  7. 

For  the  limit  of  very  long  molecular  lifetimes  where 
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The  limiting  value  of  (88)  can  be  shown  to  be 
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the  limiting  value  of  (88)  can  be  verified  to  be 
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In  a  similar  way  we  may  show  that  the  short-lifetime  lim¬ 
it  for  q(F,F)  is 
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where  the  dimensionless  field  parameter  is 
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and  in  a  like  manner  we  can  show  that 
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In  (82)  the  terms  involving  mF  come  from  matrix  elements  between  states  1 1>  and  \j)  with  Am*±l,  Amy  =  0.  The 
first  term  in  (82)  came  from  matrix  elements  with  Am^  =  ±l,  Am*  =0  and  Am^=  ±1,  Am*  =  L 1 . 

In  a  like  manner  we  find  the  self-transfer  coefficient  q(F,F)  to  be 
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In  (84)  the  first  term,  which  is  independent  of  x,  comes  from  matrix  elements  with  Am;=  1,  Am*  =0.  The  second  term 
which  is  proportional  to  [1  +14>/[J])2]~1  arises  from  the  same  class  of  matrix  elements,  but  it  is  due  to  the  dependence 
of  the  energy  factor  (<Uyf)J[l+(cityr)2]-1  on  x.  The  last  term  comes  from  matrix  elements  with  Am*  =  1,  Am^— 0. 

The  transfer  coefficient  between  Fand  K  is 
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We  may  use  (49)  to  obtain  q(F,K)  from  (85). 

Finally,  the  scalar  frequency-shift  coefficients  (34)  are,  to  order  x 
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(39)  by  replacing  the  true  operators,  e.g.,  K(,  by  perturbed 
operators  Kf  which  give  the  correct  matrix  elements  when 
inserted  between  the  pure  states,  i.e., 

<i\K(\j)=U\K(\j),  (65) 

where,  to  order  x  ~2, 

Ki=R-'K(R=K(-[u,  K(]+\[u,  [u,  K()) 

-[•>.  *{]  +  ■■■  (66) 

We  note  that  the  spin-transfer  coefficients,  e.g.,  (32), 
contain  squares  of  matrix  elements  of  K  or  F  or  they  may 
contain  the  product  of  a  matrix  element  of  K  with  a  ma¬ 
trix  elementof  F.  We  may  therefore  ignore  any  com¬ 
ponents  of  K(,  etc.,  which  upon  squaring,  or  being  paired 
as  a  matrix  element  with  a  corresponding  matrix  element 
of  F{,  will  give  a  term  of  order  higher  than  l/jcJ.  Be¬ 
cause  each  term  in  (32)  and  in  analogous  expressions  con¬ 
tains  one  or  more  factors  of  <ui;  in  the  numerator  we  may 
ignore  all  components  of  or  F$  which  contribute  to  di¬ 
agonal  matrix  elements.  Thus  the  components  of  the  per¬ 
turbed  operators  needed  for  our  calculations  are 

K(  =  ^-(K+F_+K_F+)  +  •••  ,  (67) 

F(=~-[KJ,F_+K^F+)  +  •••  .  (68) 


momentum  operator  with  eigenvalue  K(K  +  1).  The  cor¬ 
responding  terms  for  F+  are 

=(F+ ),  +  (/*+ )2,  (73) 

where 


K+Ft  K+  .  .  Ft 

<*V>i=-7J-+-£7 VfI-f1]-^\k+,  K(\ 


(74) 


and 


1— Al*-.  *+l 

8x 


(75) 

We  shall  only  evaluate  the  frequency-shift  coefficients 
(34)  to  order  \/x.  The  components  of  the  cross  product 

FXK  =  G  (76) 


needed  for  calculation  of  the  shift  coefficients  are  then 


G(  =  j(F+K_-F_K+)+---  ,  (77) 

G+=(G  +  ),  +  <G+)2,  (78) 


These  operators  cause  transitions  of  the  type  denoted  by 
iii  in  Fig.  9.  The  raising  and  lowering  operators  K  +  and 
F±  [cf.  (64)]  each  have  two  classes  of  terms  which  we 
denote  by  the  subscripts  1  and  2: 

*+=<*+),  +  <*+ )2  .  (69) 

The  terms  with  the  selection  rules  Amy  =0,  Am*  =  1 
are 

(*+)<=*+--^T(l*+.  F_)tf++2(K+,  K()F(). 

(70) 

They  cause  transitions  of  the  type  denoted  by  i  in  Fig.  9. 
The  terms  with  the  selection  rules  Amy  =  1,  Am*  =0  are 

-(3A:|-^2]F+)  .  (71) 

They  cause  transitions  of  the  type  denoted  by  ii  in  Fig.  9. 
The  curly  brackets  denote  an  anticommutator,  i.e., 

\K+,  K_\=--K  +  K_+K_K+  (72) 

and  the  notation  K 1  indicates  the  squared  angular 


(G+)l=iK+F(—^K+\F+,F_) 

-^■|*+,*C|FC+--*  >  (79) 

{G+)2=-iF+K(--^F+  {K+,K_\ 

•  (80) 


VII.  PERTURBATION  FORMULAS 
FOR  SPIN-TRANSFER  COEFFICIENTS 
WHEN  B«yN/p , 

We  may  now  evaluate  the  spin-transfer  coefficients  (32) 
and  the  frequency-shift  coefficients  (34)  with  the  per¬ 
turbed  energies  and  perturbed  operators  discussed  in  Sec. 
VI.  Since  we  are  considering  the  situation  of  a  magnetic 
field  which  satisfies  the  smallness  criterion  (31)  we  may 
set 

x~x,  =  ^  (81) 

a 

and  we  may  neglect  the  dependence  of  the  eigenvalues  and 
eigenvectors  on  the  orientation  of  N.  T’len  the  coefficient 
q(K,K)  is  found  to  be 
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VI.  PERTURBATIC:  SOLUTION 

It  is  possible  to  evaluate  the  spin-transfer  coefficients 
directly  by  numerical  diagonalization  of  the  Hamiltonian 
(1)  to  obtain  eigenvalues  and  eigenvectors  for  evaluation 
of  the  energy  denominators  and  matrix  elements.  In  Sec. 
XIII  we  shall  discuss  the  results  of  numerical  calculations. 
However,  extensive  experimental  studies  of  van  der  Waals 
molecules  of  alkali-metal  atoms  (K,  Rb,  and  Cs)  with 
n,Xe  and  ,31Xe  have  shown  that  at  least  for  these  systems 
there  is  a  convenient  hierarchy  of  magnitudes 

A2»(yN)2  »a2  (51) 

in  the  Hamiltonian  (1).  For  example,  for  87Rbl29Xe, 
A  /h ~3400  MHz,  yN/h~\\6  MHz,  and  a/h~Y>  MHz. 
We  shall  develop  the  perturbation  theory  of  this  section 
with  the  assumption  that  (51)  is  valid.  The  Hamiltonians 
(1)  or  (9)  will  be  written  as 

H  =H0+Vq+Vs  .  (52) 

The  unperturbed  Hamiltonian  is 

H0~ A~l-S+  .  (53) 

The  eigenstates  of  (53)  will  form  the  basis  states  for  our 
perturbation  expansion. 

The  most  important  perturbation  is 

r0  =  -^r(a-b)-K.  (54) 

jc[/] 

This  is  the  projection  of  aS-K  within  the  multiplets 
/  =1  +  j  =a  and  /  =  /  —  y=6.  The  parameter  x  is  the 
Breit-Rabi  field  parameter 

x=^  .  (55) 

a 

In  view  of  (51)  we  see  that 

x~2«l,  (56) 

so  x  ~ 1  is  an  appropriate  expansion  parameter  for  pertur¬ 
bation  calculations.  The  perturbation  F,  is 

2  P(/>Mf+Wx)S  K|p(/') .  (57) 

fir 

This  perturbation  causes  transitions  between  the  two  hy- 
perfine  multiplets  a  and  b.  Such  transitions  can  occur 
only  if  the  molecular  lifetime  r  is  comparable  to  or  less 
than  the  hyperfine  period  divided  by  2n\  Experiments 
show  that  the  molecular  lifetime  is  on  the  order  of  10-7 
sec  at  1  Torr  of  gas  pressure.  Consequently  we  can 
neglect  for  pressures  below  an  atmosphere,  with  the 
possible  exception  of  systems  containing  isotopes  like  4IK 
which  have  unusually  small  hyperfine  structure.  With 
this  caveat  we  shall  ignore  Vx  for  all  perturbation  calcula¬ 
tions. 

The  energy  eigenvalues  of  H0  -f  F0,  correct  to  order 
x~2,  are 


E(f,m/mK)  =  Ef±~ 

+  ~jfrt/\K(K  +  1)  — m*j 

—  ^7  wx  (/(/  +  !)  —  mj\  , 

(58) 

where  the  “center  of  mass"  of  the  multiplet  /  is 

Ef=\A[f(f  +  l)-HI  +  \)- tI  •  (59) 

The  energies  are  sketched  in  Fig.  9. 

The  perturbed  states  \/,ntf,mK  ),  i.e.,  the  approximate 
eigenstates  of  H0  +  F0,  can  be  labeled  by  the  same  quan¬ 
tum  numbers  as  the  eigenstates  \f,mf,mK)  of  H0.  The 
two  sets  of  states  are  related  to  each  other  by  the  unitary 
transformation 

\/,mf,mK)=R  \f,mf,mK) ,  (60) 

where  the  unitary  operator  R,  correct  to  order  x  ~2,  is 
R  =l+n  -f  -j-u2  +  t;  .  (61) 

The  anti-Hermitian  operators  u  and  v  are 

u=4~{F_K.  -F+K_)  (62) 

2x 

and 

„  =  J-[F  *  (F  +  K_  +F_K+ )]  (63) 

2x 

and  as  usual  the  subscripts  ±  denote 

Kt=Ks±iKv.  (64) 

Then  we  may  evaluate  the  matrix  elements  of  (32),  (34),  or 


•  *  *  *  ♦  ♦ 
H  ■  AIS  ♦  TlwS  ♦  ““  K  •  S 


FIG.  9.  Energy  levels  of  the  Hamiltonian  Wo+F0  of  Eq. 
(52). 
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iltonian  (1),  and  the  circular  frequencies  totj  are  related  to 
the  energy  eigenvalues  Et  and  Ej  of  (1)  by  the  Bohr  con¬ 
dition 

ftu)ij  =  Et  —  Ej  .  (35) 

IV.  FORMAL  AVERAGE  OVER  THE  DIRECTION 
OF  N  FOR  MAGNETIC  FIELDS  B>N  /pt 


gauss.  The  average  over  the  azimuthal  direction  of  N  (see 
Fig.  8)  reduces  the  spin-transfer  coefficients  to  a  form 
which  is  diagonal  in  the  spherical  laboratory  basis  sys¬ 
tem,21  i.e., 

qU,L)=  2  q^U,L)£^l  ,  (37) 

M - 1 

where 


We  now  consider  the  situation  where  the  Larmor  fre¬ 
quency  to0  of  (7)  is  comparable  to  the  internal  Larmor  fre¬ 
quency  to i  of  (6);  i.e., 

<o0><U|  .  (36) 

For  RbXe  this  regime  occurs  for  fields  greater  than  a  few 
_  i 


i0=z 


The  longitudinal  component  of  q(J,L)  is 


(38) 


qoo(J<E)= 


2{I][K]L(L  +  \)W(L) 


n  ,nw  i  ^r)-°  ^  i 2 

J°  tfp  l+(to0r)2 


(39) 


where  the  Wigner  functions  are 


rf  ±1.0  —  T 


sinft 
Vi  * 


d'0 o=cos0  . 


(40) 


We  note  that  the  basis  states  |/>  and  \j )  of  (39)  are 
eigenstates  of  the  Hamiltonian  (9).  They  are  axially  sym¬ 
metric  about  the  axis  £  and  they  depend  on  the  colatitude 
angle  tp  of  Fig.  8. 

The  subscript  p  in  (39)  refers  to  one  of  the  spherical 
unit  vectors  gp  in  the  (£,tj,£)  coordinate  system: 


+  v/2 


fo=£, 


(41) 


we  have 


.  (42) 

The  transverse  spin-transfer  coefficients  qu{J,L )  and 
q~i-\U,L)  are  given  by  formulas  analogous  to  (39). 
They  have  imaginary  as  well  as  real  parts  and  they  ac¬ 
count  for  field-dependent  frequency  shifts  of  the  magnetic 
resonance  spectrum.  Since  the  transverse  spin-transfer 
coefficients  at  high  fields  have  not  yet  been  needed  for  the 
interpretation  of  experimental  data  we  shall  not  discuss 
them  further  here. 


V.  THE  SPIN-TEMPERATURE  LIMIT 

Under  many  experimental  conditions,  including  most  of 
those  considered  here,  the  alkali-metal  atoms  are  well 
described  by  a  spin  temperature,22,23  i.e.,  the  density  ma¬ 
trix  of  the  alkali-metal  atom  can  be  written  as 

pRb=Z-'e?1?  .  (43) 

where  the  sum  on  states  is 


I - 

Z  =Tre  .  (44) 

We  may  think  of  P~x  as  a  spin  temperature. 

Under  the  conditions  of  interest  for  the  work  described 
here,  the  parameter  p  is  small  compared  to  unity  and  we 
may  therefore  write  (23)  as 

PRb=:^^'(l  +  ^‘F+ '  "  )  .  (45) 

where  we  have  neglected  higher-order  terms  in  p.  When 
(45)  is  valid  we  may  write 


<7>=  <F)  + 

2[/J  {/(/  +  l)  +  -j-J 


(46) 


The  spin  polarization  of  the  alkali-metal  atoms  is 
described  by  the  single  vector  (F>  rather  than  by  (a), 
(b),  and  the  higher  multipole  moments  which  character¬ 
ize  an  arbitrary  state  of  polarization  when  spin- 
temperature  equilibrium  does  not  prevail.  It  will  therefore 
be  convenient  to  use  (46)  to  reduce  the  spin-transfer  equa¬ 
tion  (26)  to  the  coupled  pair 


-f<K>-^-|,(jc.in<R>+,(Jc.n<P>| 

dt  Ik 

,  (47) 

4<F>  =  ^-|9(F,JC)<K>-t-9(F,F)<F>|  . 

(48) 

We  have  ignored  the  frequency-shift  terms  for 
The  transfer  coefficients  q{K,K),  q(F,F),  and 

simplicity. 

/</  +  l)+T 
=  *(*  +  1)  <{K'F) 

(49) 

are  given  by  (32)  or  (39)  where  the  labels  J  and  L  can  each 
take  on  the  two  possible  symbols  F  and  K,  and  the  weight 
factors  1V(F)  which  occur  are  to  be  defined  by 

F(F  +  l)W'(F)=/(/  +  l)+7  . 

(50) 
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That  is,  by  measuring  spin-transfer  coefficients  one  can¬ 
not  distinguish  between  a  weak  Hamiltonian  acting  for  a 
long  molecular  lifetime  and  a  strong  Hamiltonian  acting 
for  a  short  molecular  lifetime.  Experiments  have  shown 
that  the  simplest  spin  Hamiltonian  consistent  with 
presently  known  experimental  data  is4 

H  =  Al  s+ybJ  S+aK  S  ,  13) 

where  A  1  -S,  the  isotropic  magnetic  dipole  interaction  be¬ 
tween  the  nuclear  spin  I  and  the  electron  spin  S  of  the  al¬ 
kali  atom,  is  similar  in  magnitude  to  that  of  a  free  alkali- 
metal  atom.  The  spin-rotation  interaction  yN  S  is  the 
primary  cause  of  the  spin  relaxation  of  alkali-metal  atoms 
in  heavy  noble  gases,  and  it  has  been  measured  for 
alkali— noble-gas  systems  in  elegant  experiments  by 
Bouchiat  et  al.1  Finally,  the  isotropic  magnetic  dipole  in¬ 
teraction  aK-S  between  the  nuclear  spin  K  of  the  noble 
gas  and  the  electron  spin  S  of  the  alkali-metal  atom  is  re¬ 
sponsible  for  spin  exchange  between  the  alkali-metal  and 
noble-gas  atoms,  and  theoretical  estimates  of  the  magni¬ 
tude  of  a  have  been  given  by  Herman.2 

The  interaction  A  I  -S  is  so  large  compared  to  the  other 
terms  in  the  Hamiltonian  or  compared  to  the  natural 
width  hr~l  of  the  energy  levels  under  ordinary  experi¬ 
mental  conditions  that  A  I  -S  has  no  influence  on  the 
spin-transfer  coefficients  and  serves  only  to  make 
F=  I  +S  a  good  quantum  number  of  the  molecule.  The 


spin-tranfer  coefficients  therefore  depend  only  on  the  two 
parameters  yNr  and  ar.  We  shall  find  it  more  convenient 
to  choose  the  related  dimensionless  parameters 

yN 

x  =  -L — 
a 

and 


as  the  independent  variables  of  the  spin-transfer  coeffi¬ 
cients. 

The  parameter  x=yN/a  plays  the  same  role  in  the 
Hamiltonian  (3)  as  the  Breit-Rabi  field  parameter  for  the 
hyperfine  structure  of  the  hydrogen  atom.*  Our  experi¬ 
ments  show  that  x 2 » 1  in  all  alkali— noble-gas  systems 
studied  thus  far,  and  it  is  therefore  possible  to  use  x  “2  as 
a  perturbation  expansion  parameter  in  closed-form 
theoretical  expressions  for  the  spin-transfer  coefficients. 
The  phase  angle  can  be  thought  of  as  the  angle  by 
which  the  alkali  spin  S  would  process  about  N  during  a 
molecular  lifetime  if  there  were  no  nuclear  spin  /  to  slow 
down  the  precession  frequency.  Since  the  molecular  life¬ 
time  is  limited  by  collisions  of  van  der  Waals  molecules 
with  the  gas  in  the  cell,  we  expect  that  <)>  will  be  inversely 
proportional  to  the  gas  pressure  p,  i.e.. 


TABLE  I.  Summary  of  results  of  measuring  parameters  x,  p0.  and  Z. 


Parameter 

(unit) 

Description 

Comment 

”K,wXe 

,5Rbl2*Xe 

,7RbIJ9Xe 

mCs‘”Xe 

/ 

Nuclear  spin 
of  alkali-metal  atom 

Slower  optical  pumping 
or  alkali-metal 
relaxation  rates 
for  Urge  I 

3 

2 

J 

2 

3 

2 

7 

2 

K 

Nuclear  spin 
of  noble-gas  atom 

1 

2 

1 

2 

1 

2 

1 

2 

X 

Breit-Rabi 
field  parameter 

a 

Determines  fractions 
of  alkali-metal  atom 
spin  5  which  are 
transferred  to 
rotational  angular 
momentum  N 
and  noble-gas 
nuclear  spin  K 

3.5  ±  0.3 

3.2  ±  0.3 

3.2  ±  0.3 

2.9 ±  0.3 

Pa 

(Torr) 

Characteristic 

pressure 

yNr 

P0=Ph 

Sets  scale  for 
dependence 
of  spin-transfer  rates 
on  third-body  pressure 

105  ±20 

103  ±  10 

103  ±10 

130  ±40 

Z 

(10-Mcm‘ 

sec-1) 

ZtAOlXeHN,] 
molecular 
formation  rate 
per  unit  volume 

Sets  magnitude 
of  spin-transfer 
rates 

5.7  ±  0.5 

5.0±  0.5 

5.2 ±  0.5 

5.3±1 
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where  p0  is  a  characteristic  pressure. 

In  the  experiments  described  below  the  sample  cells 
contain  0.5—1  Torr  of  Xe  gas,  about  10“ 5  Torr  of  alkali- 
metal-atom  vapor  and  10—100  Torr  of  N2  gas.  The 
molecular  breakup  will  almost  always  be  due  to  a  collision 
with  a  Nj  molecule  and  we  may  therefore  identify  p  in  (6) 
as  the  third-body  (N2)  pressure. 

The  characteristic  pressure  will  depend  on  the  chemical 
nature  of  the  van  der  Waals  molecule  (i.e.,  p0  will  not  be 
the  same  for  KXc  and  RbXe)  and  we  also  expect  p0  to  de¬ 
pend  on  the  nature  of  the  gas  responsible  for  collisional 
breakups  of  the  molecule  (e.g^  we  know  that  p0  is  dif¬ 
ferent  for  Nj  and  He  gas).’  However,  we  expea  p0  to  be 
the  same  for  van  der  Waals  molecules  which  differ  only  in 
their  isotopic  composition  (i.e.,  p0  should  be  the  same  for 
lwXe,7Rb  and  u  XeSiRb).  In  contrast,  we  expect  the 
Breit-Rabi  parameter  x  to  be  independent  of  the  gas 
which  causes  the  collisional  breakup  of  the  molecule.  We 
also  expect  x  to  be  the  same  for  van  der  Waals  molecules 
containing  different  isotopes  of  the  alkali-metal  atom  (i.e., 
x  will  be  the  same  for  lwXc!7Rb  and  129Xe,5Rb).  Howev¬ 
er,  we  expect  x  to  be  different  for  van  der  Waals  mole¬ 
cules  containing  different  isotopes  of  the  noble  gas  (i.e., 
we  expect  different  values  of  x  for  ,7?XeMRb  and  u,Xe 
*5Rb,  but  the  values  of  x  should  be  proportional  to  the 
Larmor  frequencies  of  the  nuclei  of  lwXe  and  ,J,Xe). 

The  molecular  formation  rates  ( Tf)~l  and  (T*)-1  per 
alkali-metal  atom  M  and  per  noble-gas  atom  should  be  re¬ 
lated  to  the  respective  number  densities  [  M]  and  [Xe]  by 

^  =  =Z[M][Xe][NI] ,  (7) 

lF  IX 

where  [NJ  is  the  number  density  of  nitrogen  molecules 
which,  as  we  mentioned  above,  are  almost  always  the 
third  body  involved  in  the  formation  of  van  der  Waal 
molecules.  We  ihust  therefore  know  the  rate  constant  Z 
for  three-body  formation  of  van  der  Waals  molecule  as 
well  as  the  parameters  x  and  p.  to  fully  describe  the 
spin-transfer  process  (1)  and  (2).  All  three  of  thee  pa¬ 
rameters  have  been  measured  by  methods  to  be  described 
below,  and  the  results  are  summarized  in  Table  I. 


n.  CELL  PREPARATION 

The  sample  cells  for  our  experiments  are  Pyrex  glass 
sphere  with  an  outer  diameter  of  about  30  mm  and  a  wall 
thickness  of  about  1  mm.  The  cells  are  prepared  with  a 
constricted  glass  stem,  and  a  silicone  coating10  is  applied 
to  the  interior  of  the  cells  by  injecting  about  2  ml  of  a 
10%  solution  of  “Surfrasil"  in  cyclohexane  into  the  cell 
and  shaking  the  cell  vigorously.  The  solution  is  then  re¬ 
moved  and  the  cell  interior  is  rinsed  one  or  two  times  with 
pure  cyclohexane.  The  cells  are  allowed  to  dry  in  air  for 
about  one  day,  and  they  are  then  sealed  onto  a  13-tnm 
Pyrex  manifold.  The  seal  is  made  carefully  to  avoid  heat¬ 
ing  and  possible  damage  to  the  silicone  coating  within  the 
sphere,  and  the  completed  manifold  is  not  annealed  for 
the  same  reason.  The  manifold  is  attached  to  a  vacuum 
system  as  sketched  in  Fig.  2.  A  Pyrex  U  tube  with  a  1  g 
ampoule  of  K  metal  is  inserted  between  the  cells  and  the 
pump  to  serve  as  a  getter  for  any  impurities  in  the  com¬ 
mercial  gases  used  to  fill  the  cell  and  to  limit  any  contam¬ 
ination  due  to  back  streaming  from  the  silicone  oil  dif¬ 
fusion  pump.  An  open  stopcock  C  is  placed  between  the 
getter  and  the  cells.  Pure  alkali  metal  from  a  glass  am¬ 
poule,  or  alkali  chloride  salt  and  calcium  metal  chips,  are 
placed  in  a  glass  retort  sealed  to  the  extreme  end  of  the 
cell  manifold.  The  cells  are  baked  under  a  vacuum  of 
10-6  Torr  at  150'C  for  12  h.  This  seems  to  do  no  harm 
to  the  silicone  coatings.  While  the  cells  are  cooling  down 
to  room  temperature  the  potassium  metal  getter  is  flashed 
with  a  hand  torch  so  that  some  15  cm  of  the  U  tube  is 
coated  with  potassium  metal.  The  alkali  metal  of  interest 
is  then  distilled  into  the  cells  and  the  alkali  retort  is  pulled 
off  at  the  constriction  D.  The  cells  are  then  isolated  from 
the  pump  by  closing  the  valve  V,  and  the  desired  amount 
(usually  1  Torr)  of  isotopically  enriched  Xe  (69  wt.  % 
129Xe)  (Ref.  II)  is  admitted  to  the  cells  from  the 
stainless-steel  lecture  bottle  B.  The  gas  pressure  is  read  at 
~20'C  with  mechanical  billows  gauges  made  by  the  Wal¬ 
lace  Tieman  Company,  one  with  a  range  of  0—20  Torr 
and  one  with  a  range  of  0—800  Torr.  The  stopcock  C  is 
then  closed  and  the  xenon  gas  to  the  left  of  the  stopcock  is 
frozen  back  into  steel  bottle  B  by  immersing  the  bottle  in 


31 


EXPERIMENTAL  DETERMINATION  OF  THE  RATE  CONSTANTS  . . . 


263 


liquid  nitrogen.  Nitrogen  gas  is  now  admitted  to  the  sys¬ 
tem  from  a  glass  bottle  A  and  the  desired  pressure  is  ob¬ 
tained  by  pumping  out  any  excess  gas  if  necessary.  The 
nitrogen  pressure  is  always  much  larger  than  the  pressure 
of  the  Xe  to  the  right  of  stopcock  C.  Stopcock  C  is 
opened  for  about  one-half  second,  and  nitrogen  gas  rushes 
in  to  equalize  the  pressure  on  both  sides  of  stopcock  C. 
Owing  to  the  rapid  inflow  of  Nj  gas,  a  negligible  amount 
of  xenon  flows  to  the  left  side  of  stopcock  C  during  the 
brief  time  it  is  open.  The  glassware  to  the  right  of  stop¬ 
cock  C  now  contains  the  same  amount  of  Xe  as  before, 
and  it  contains  the  same  total  pressure,  determined  from 
the  gauges,  as  the  gas  to  the  left  of  the  closed  stopcock  C. 
Ample  time  must  be  allowed  for  the  nitrogen  and  xenon 
to  mix  by  diffusion,  since  convective  mixing  is  probably 
negligible  after  the  initial  turbulence  of  the  inflowing  N2 
gas  decayed.  Before  pulling  off  the  cells  we  allow  the 
/- lapor  of  at  least  five  characteristic  time  intervals 

n2) 

4ir2D0n60  Torr)  ’ 

where  Z)0=«0. 1  cm2  sec-1  is  the  diffusion  constant  of  Xe 
in  N2  gas  at  a  pressure  of  760  Torr  (one  atmosphere)  and 
L  is  the  length  of  the  cell  manifold  (see  Fig.  2). 

The  cells  are  wrapped  in  wet  asbestos  paper  to  avoid 
overbearing  the  silicone-cv  ited  interior  of  the  glass  sphere 
during  the  melting  of  the  gj.ass  neck  to  pull  the  cells  from 
the  manifold.  The  average  cell  temperature  does  not  devi¬ 
ate  much  from  room  temperature  during  the  sealoff 
operation. 

Befoie  using  the  cells  we  are  careful  to  leave  about  0.5 
cm2  of  alkali  metal  exposed  near  the  tip  of  the  cell.  The 
interior  of  the  cell  also  contains  minute  droplets  of  alkali 
metal  spread  across  the  surface.  These  small  droplets  do 
not  interfere  with  the  optical  pumping  and  they  help  to 
ensure  that  the  alkali-metal-atom  vapor  pressure  is  close 
to  the  saturated  vapor  pressure  at  the  cell  temperature. 
We  have  found  that  the  alkali-mctal-atom  vapor  pressure 
is  bdow  the  saturated  vapor  pressure  limit  if  the  alkali 
metal  is  confined  to  an  extended  neck  of  the  cell,  or  if  the 
cells  are  not  "cured”  by  being  baked  at  85 'C  for  at  least 
three  days  before  use. 

III.  MEASUREMENT  AND  ANALYSIS 
OF  SPIN-RELAXATION  TRANSIENTS 
OF  ALKALI-METAL  ATOMS 

In  this  section  we  describe  our  experimental  method  to 
measure  the  spin-relaxation  transients  of  alkali-metal 
atoms,  and  we  show  that  the  slowest  decay  rate  yt  of 
spin-polarized  alkali-metal  atoms  is  mainly  due  to  spin  re¬ 
laxation  in  alkali-metal — noble-gas  van  der  Waals  mole¬ 
cules,  i.e., 

ri  =  ~-|?(F,F)|  +  •••  ,  (8) 

1 F 

where  1/7V  is  the  molecular  formation  rate  per  alkali- 
metal  atom  and  |  q{F,F)  |  is  the  probability  that  the  total 
angular  momentum  (Ft)  of  the  alkali-metal  atom  is  de¬ 
stroyed  during  the  lifetime  of  the  van  der  Waals  molecule. 
Relatively  small  contributions  to  y(  from  optical  pump¬ 
ing,  spatial  diffusion,  binary  collisions,  and  alkali-metal- 
,  atom— alkali-metal-atom  spin-exchange  collisions  are 


denoted  by  the  centered  ellipsis  in  (8). 

The  spin  relaxation  of  alkali-metal  atoms  is  substantial¬ 
ly  more  complicated  than  the  nuclear  spin  relaxation  of 
129Xe.  This  is  because  the  number  of  potentially  different 
longitudinal  relaxation  times  is  one  less  than  the  number 
of  sublevels  for  the  spin  system  of  interest.12  Thus,  for 
the  spin- -j-  nucleus  of  129Xe  only  one  longitudinal  relaxa¬ 
tion  time  is  expected,  and  indeed  our  experiments  have 
shown  that  the  spin-relaxation  transient  of  129Xe  is  always 
very  well  described  by  a  single  exponential  function  of 
time.  On  the  other  hand,  experimental  studies  of  spin  re¬ 
laxation  in  alkali-metal-atom  vapors  almost  always  reveal 
more  than  one  exponential  decay.  Since  there  are 
2(2/4-11  spin  sublevels  of  an  alkali-metal  atom  we  could 
have  to  deal  with  4/  4- 1  different  decay  rates  or  15  decay 
rates  in  the  case  of  133Cs  with  I  =  j.  This  large  number 
of  relaxation  times  can  occur  even  if  the  spin  Hamiltonian 
which  is  responsible  for  the  relaxation  is  very  simple  and 
contains  only  one  interaction,  for  example,  a  spin-rotation 
interaction  yNS.  Fortunately,  the  experimental  situation 
is  simplified  by  two  factors.  First,  no  more  than  five  of 
the  4/  4- 1  relaxation  times  can  contribute  to  the  optical 
signal  at  low  magnetic  fields.13’14  Second,  under  the  con¬ 
ditions  of  our  experiments,  in  particular  the  occurrence  of 
rapid  alkali-metal-atom— alkali-metal-atom  spin-exchange 
collisions,  one  of  the  relaxation  rates,  yt,  is  substantially 
slower  than  all  of  the  rest.  Our  experiments  are  designed 
to  measure  the  slowest  relaxation  rate,  and  we  make  no  at¬ 
tempt  to  quantitatively  measure  any  of  the  faster  rates. 

As  was  first  shown  by  Bouchiat  et  a/.,13  five  observ¬ 
ables  can  contribute  to  the  polarization-dependent  at¬ 
tenuation  of  Dt  or  D2  light  by  spin-polarized  alkali- 
metal-atom  vapors  in  weak  magnetic  fields.  There  is  one 
monopole  observable  ( I  -S),  the  population  imbalance  be¬ 
tween  the  Zeeman  multiplets  a  and  b;  two  dipole  observ¬ 
ables  (a,)  and  (b, );  and  also  two  quadrupole  observables 
<3crx2— a(a  4-1))  and  (3bx2  — bib  4- 1)>.  Because  the  re¬ 
laxation  processes  have  an  isotropic  character  at  low  mag¬ 
netic  fields,  the  observable  ( I  -S  >  relaxes  with  a  single  ex¬ 
ponential  decay  rate  Yty.  The  two  observables  (a,)  and 
( bj  )  can  be  coupled  to  each  other  by  the  relaxation  pro¬ 
cess  so  that  their  relaxation  is  characterized  by  two  ex¬ 
ponential  decay  rates  y  \  and  y\.  Under  the  conditions  of 
our  experiments  the  rate  y  i  is  the  slowest  of  the  five  ob¬ 
servable  rates.  Similarly,  two  rates  y2  and  y2  contribute 
to  the  relaxation  of  the  quadrupole  observables. 

The  apparatus  used  to  measure  the  alkali-metal-atom 
spin-relaxation  transients  is  sketched  in  Fig.  3.  A  more 
detailed  description  of  the  main  components  of  the  ap¬ 
paratus  is  given  in  Sec.  IV.  All  of  the  sample  cells  con¬ 
tained  1  Torr  Xe  (69  wt.  %  l29Xe),  alkali  metal,  and  vari¬ 
ous  amounts  of  N2  gas.  The  method  is  similar  to  that  of 
Franz,15  since  we  observe  the  time-dependent  increase  in 
intensity  of  circularly  polarized  light  as  it  passes  through 
an  initially  unpolarized  alkali-metal-atom  vapor  while  the 
spin  polarization  is  being  built  up  by  optical  pumping. 
An  example  of  such  an  optical-pumping  transient  is 
shown  in  Fig.  4.  Before  the  transient  begins,  the  longitu¬ 
dinal  polarizations  <ax)  and  (6X)  are  maintained  equal  to 
zero  by  a  radio-frequency  magnetic  field  which  oscillates 
at  the  ^eeman  resonance  frequency,  (2/ 4-1)“ '2.8 
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FIG.  3.  Apparatus  to  measure  the  optical-pumping  transients  of  alkali -metal-atom  vapors.  The  sudden  removal  of  the  saturating 
rf  field  allows  the  transparency  of  the  vapor  to  build  up  to  its  steady-state  value  with  several  different  exponential  time  constants. 


MHz/G  of  the  alkali-metal  atoms.  The  static  magnetic 
field  of  —6  G  is  so  low  that  the  strong  rf  field  drives  the 
Zeeman  transitions  in  both  the  upper  and  lower  multiplets 
to  saturation.  The  transient  response  of  Fig.  4  begins 
when  the  rf  field  is  suddenly  turned  off  with  the  Hg  relay. 
The  transients  are  repetitively  generated  at  a  10  Hz  rate 
and  added  in  a  signal  averager  to  build  up  good  signal-to- 
noise  ratios.  The  longitudinal  polarizations  build  up  ex¬ 
ponentially  to  their  steady-state,  optically  pumped  values. 
For  example,  as  a  function  of  time  f  after  the  rf  is  turned 
off,  the  dipole  polarization  evolves  according  to 

(f,)  =  W\A\-e-r'')+W’xf(\-e~r'') .  (9) 

Here  f =I±\  (a  or  b)  and  both  (a,)  and  ( b ,)  evolve 
with  the  same  decay  rates,  a  slow  rate  Y\  and  a  faster  rate 
y\.  The  weights  Wxf  and  W\f  depend  on  the  details  of 
the  relaxation  process  but  Wxj  will  ordinarily  be  larger 


TIME  (msec) 

FIG.  4.  Example  of  an  optical-pumping  transient  recorded 
with  the  apparatus  of  Fig.  3.  The  intensity  of  the  transmitted 
light  increases  with  time  because  of  the  buildup  of  spin  polariza¬ 
tion  in  the  vapor  as  a  result  of  ontiml  rvim«in» 


than  W\f.  Equations  similar  to  (9)  hold  for  the  two 
quadrupole  observables  and  for  {  I-S),  except  that  only 
one  exponential  occurs  for  (I-S)  and  the  observables 
may  not  be  zero  at  t—  0  since  neither  (1-S)  nor  the 
quadrupole  observables  are  necessarily  destroyed  by  a 
resonant  rf  field. 

The  intensity  J  of  the  transmitted  light  will  be  related 
to  the  intensity  J0  of  the  light  incident  on  the  sample  cell 
by 

J=J0A  ,  (10) 

where  A  is  the  attenuation  of  the  vapor.  We  expect  A  to 
depend  on  the  spectral  profile  and  polarization  of  the 
light,  the  alkali-metal-atom  vapor  density,  and  the  five 
observables  (T-S),  {a,),  (b, ), . . . ,  which  determine  the 
photon  absorption  cross  section  of  the  alkali-metal  atoms. 
For  sufficiently  small  spin  polarization  we  can  always 
write  for  a ♦  light 

A±((at),(b,),...) 


=  A0±(at) 


dA 


d(a,) 


±(bl) 


a  a 


a 


+ 


(in 


The  partial  derivatives  dA /d{a,)  are  to  be  evaluated  at 
(a,)=0,  {b,  )=0,  etc.  They  can  be  calculated  in  terms 
of  the  spectral  profile  and  polarization  of  the  incident 
light  and  in  terms  of  the  jvilarization-depcndent  cross  sec¬ 
tion  of  the  alkali-metal  atoms  for  light  absorption.16  In 
view  of  (9)  we  can  write  (1 1)  as 


A=A0±Al(l-e  r,,)±/r,(l-e-r;')+  •••  ,  (12) 

where  the  coefficients  A  (  and  A  j  can  be  easily  evaluated 
in  terms  of  the  weights  Wxj,  W\f  and  the  coefficients 
dA  /3 (/, ).  The  difference  between  the  limiting  attenua¬ 
tion  A  m  at  long  times  after  the  start  of  the  transient  and 


U..  fc.i 


UMJk&4hi*la>Jk>l4M4aiklM 


EXPERIMENTAL  DETERMINATION  OF  THE  RATE  CONSTANTS 


TIME  (msec) 

FIG.  5.  The  difference  A/ =7.  —7  between  the  steady-state 
light  intensity  Jm  and  the  transient  light  intensity  7  decays  with 
several  exponentials;  the  slowest  exponential  has  a  particularly 
simple  significance. 


TIME  (msec) 

FIG.  6.  Residuals  for  a  fit  to  the  slowest  exponential  of  data 
like  those  of  Fig.  5. 


A  A  =  A  m  — A  =  A  ]£  r*  +A  ft  ^  *  (13) 

For  times  longer  than  a  few  units  of  (y\  — y i ) — 1  we  may 
ignore  all  but  the  slowest  transient  in  (13)  and  use  (10)  to 
write  the  observed  transient  as 

A J=zJ0Axe~Tl‘  for  r»(y’i— yi)-1  .  (14) 

Thus  in  our  experiments  we  measure  A/  as  a  function  of 
time  and  we  identify  the  limiting  slope  of  lnA7  at  large 
times  as  the  slow  decay  constant  —  y,.  An  example  of  a 
measured  value  of  In  A/  versus  t  is  shown  in  Fig.  3.  In 
Fig.  6  we  show  the  residuals  for  linear  fit  to  the  data  of 
Fig.  5.  From  Fig.  6  we  see  that  there  is  negligible  contri¬ 
bution  of  the  faster  exponentials  to  the  decay  transient 
after  about  6  msec. 

_ I 


Both  experimental  measurements  and  theory  show  that 
y  |  is  an  increasing  function  of  the  pumping-light  intensity 
7.  For  sufficiently  weak  light  we  expect  to  find  a  linear 
dependence  on  7, 


r\V)=Yio+J 


a j 


+  •  •  • 


(15) 


with  the  partial  derivative  evaluated  at  7=0.  In  Fig.  7 
we  show  an  example  of  an  experimental  measurement  of 
Y  i  versus  7.  The  effect  of  the  pumping  light  is  relatively 
small  and  we  may  obtain  y10,  the  slowest  relaxation  rate 
in  the  dark,  by  extrapolating  y,  back  to  zero  light  intensi- 

ty. 

Using  formulas  from  Ref.  17,  Hou  el  a/.1®  have  shown 
that  the  decay  rate  of  the  slowest  transient  is  expected  to 
be 


,  (27  +  1  )2 4-2  ,  1  (2/  +  l)2  +  2 

r'°  r,+  2(21  +  1)2  ri+3 Ta  (27  + 1)2 


2  r<2/  +  l)2  +  21 

2  4r2 

(2/  + 1)4  — 2(2/  +  1  )2  +  4 

+ 

(21  + 1  )2  — 2 

2 

2 

3T,,  (2J  + 1)2 

*3  Ta 

(21  +  I)4 

ri  (27-fl)2 

There  are  three  characteristic  rates  in  (16).  The  fastest, 
the  alkali-metal-atom— alkali-metal-atom  spin-exchange 
rate,  is  expected  to  be  on  the  order  of19  20 

~  10~9[Af]  cm3  sec-’  ,  (17) 

*  Cl 

where  [M]  is  the  alkali-metal  number  density.  Represen¬ 
tative  values  of  [M J  in  our  work  are  5X  10n  cm-3,  so  we 
expect  to  find  values  of  1  /Ta  on  the  order  of  500  sec-1. 
It  is  interesting  to  note  that  (16)  becomes  independent  of 
1/T,,  in  the  limit  1  /Ta -*<*>.  The  second  characteristic 
rate  is  r2,  the  electron  randomization  rate.  This  refers  to 
a  relaxation  process  which  destroys  the  electron-spin  po¬ 
larization  (5t)  without  affecting  the  nuclear-spin  polari¬ 
zation  </,).  In  our  work  we  expect  electron  randomiza¬ 
tion  to  be  associated  with  sudden  binary  collisions  be¬ 
tween  alkali-metal  atoms  and  Xe  atoms  or  N2  molecules. 


I - 

AJkali-metal-atom— alkali-metal-atom  collisions  also  lead 
to  electron  randomization  at  a  rate  which  has  been  mea¬ 
sured  in  Cs  vapor  to  be  about  1%  of  the  spin-exchange 
rate.21  Thus,  for  Cs-Cs  collisions  we  expect  a  contribution 
to  r2  on  the  order  of  5  sec-1,  a  negligible  amount.  It  is 
reasonable  to  expect  negligible  contributions  to  r2  from 
alkali-metal-atom— alkali-metal-atom  collisions  in  Rb  and 
K  vapors  also.  The  contribution  of  Rb-Nj  collisions  to  r2 
has  been  measured  by  Franz22  to  be  0.145  sec-1  per  Torr 
of  N2  gas.  Thus,  even  at  the  highest  N2  pressure  (100 
Torr)  used  in  our  experiments  the  contribution  Rb-N2  col¬ 
lisions  make  to  r2  will  only  be  approximately  14.5  sec-1, 
a  negligible  amount.  It  is  reasonable  to  expect  a  negligible  ( 
contribution  to  r2  from  similar  N2  pressures  for  Cs  and  K 
spin  relaxation  also. 

The  electron  randomization  rate  due  to  binary  collisions 
of  alkali-metal  atoms  with  Xe  gas  is  expected  to  be  given 
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FIG.  7.  Dependence  of  the  slowest  decay  rate  y  i  on  the  in¬ 
tensity  of  the  pumping  light.  The  light-independent  decay  rate 
y  |0  is  obtained  by  extrapolating  the  rate  to  the  limit  of  zero  light 
intensity. 


crates  much  of  the  electron-spin  polarization  after  the  col¬ 
lision  is  over.  We  note  that  in  the  limit  1  /  Ta  — *0  the 
eigenobservable  associated  with  yio  was  shown  by  Bouc hi¬ 
st  et  al.11  to  be  /,  (or  more  precisely  the  sum  of  the  pro¬ 
jections  of  I,  in  the  upper  and  lower  Zeeman  multiplets). 
In  the  other  limit,  where  \/Ta—*co  the  eigenobservable12 
is  simply  F„  the  total  spin  angular  momentum  of  the 
alkali-metal-atom  vapor.  Our  experiments  on  spin  relaxa¬ 
tion  in  the  alkali-metal-atom  vapors  are  ordinarily  done  at 
an  alkali-metal  number  density  which  corresponds  to 
1  /r2  Ta  >  3.  This  leads  to  a  slowing-down  factor  which 
is  closer  to  (21)  than  (22),  and  for  simplicity  we  shall  use 
(21)  to  correct  our  data.  In  the  case  of  ,7Rb  the  numerical 
value  of  the  correction  is  r2/8~23  sec-1  if  we  use  formu¬ 
la  (22)  and  r2/6~30  sec-1  if  we  use  formula  (21).  Since 
both  corrections  are  comparable  to  the  error  in  the  experi¬ 
mental  measurements  there  is  little  to  be  gained  from 
choosing  a  more  precise  intermediate  value.  We  shall  also 
make  the  simplifying  assumption  that  the  electron  ran- 
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by  the  formula4 
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where  Tn  is  the  rate  of  binary  collisions  per  alkali-metal 
atom,  and  rB  is  an  appropriately  defined  duration  of  a 
binary  collision.  The  fraction  of  I29Xe  atoms  in  the  iso¬ 


spin,  because  it  is  much  less  abundant  in  our  gas  samples 
and  because  the  term  in  (18)  proportional  to  a 2  is  about  a 
factor  of  2  smaller  for  ,3,Xe  than  for  ,29Xe  for  equal  iso¬ 
topic  fractions  as  a  result  of  the  different  spins  and  nu¬ 
clear  moments  of  the  two  isotopes. 

The  electron  rarfdomizadon  rate  due  to  binary  collisions 
of  alkali-metal  atoms  with  Xe  gas  has  been  measured  in 
two  instances.  For  RbXe  Bouchiat  et  al. 1  report 


i 


* 

* 


r2(RbXe)=185  sec-,Torr~'p(Xe)  ,  (19) 

while  for  NaXe  Bhaskar  et  al.23  report 

rI(NaXe)  =  266sec-,Torr-,p(Xe).  (20) 

Unfortunately,  there  seem  to  be  no  measurements  of  the 
corresponding  rates  for  KXe  and  CsXe. 

The  contribution  of  r2  to  y)0  depends  on  the  relative 
size  of  r2  and  the  spin-exchange  rate  1/TC1  as  demon¬ 
strated  by  Hou  era/."  In  the  limit  \/r2Ta~*  oo,  Eq. 
(16)  reduces  to 


Y\o=r, 


3't 

(2/  +  1  )2-f 2  ’ 


(21) 


while  in  the  opposite  extreme  \/r2Ta 
conies 


V.' 

Y  10=^1  + 


(21  + 1)2  ‘ 


— 0,  Eq.  (16)  be- 

(22) 


In  both  cases  there  is  a  substantial  slowing-down  factor 
due  to  the  nuclear  spin  1  which  is  not  destroyed  in  the 
electron  randomizing  collision  and  which  therefore  regen- 


FIG.  8.  Summary  of  the  experimentally  determined  molecu¬ 
lar  contribution  (  Tv)-1  to  the  ..lowest  decay  rate  y,  of  alkali- 
metal-atom  spins.  All  cells  contained  1  Torr  of  Xe  gas  (60  wt. 
%  ,r*Xe).  Small  contributions  to  y i  from  the  pumping  light, 
diffusion  to  the  cell  walls,  and  electron-randomizing  binary  col¬ 
lisions  have  been  subtracted  from  y \  to  obtain  [see  Eq. 

(28)}.  Solid  curves  are  |$(F,F)|  Tfx  with  a  distribution  of  the 
rotational  angular  momentum  N  taken  into  account.  Note  that 
the  nuclear  spin  of  the  alkali-metal  atom  causes  a  substantial 
slowing  down  of  the  alkali-metal  decay  rates  so  that  the  decay 
rates  of  ,5Rb  and  *’Rb  differ  by  nearly  a  factor  of  2.  These  data 
are  used  to  determine  the  parameters  (  7V)-1  and  t>». 
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domizatioo  rates  of  K  and  Cs  atoms  in  xenon  are  the 
same  as  for  Rb  in  xenon. 

Since  the  contributions  of  electron  randomization  r2 
and  spin  exchange  l/Ta  to  (16)  are  small  compared  to 
the  measured  magnitude  of  y  io  (see  Fig.  8),  we  conclude 
that  the  dominant  contribution  to  yl0  comes  from  rt,  the 
third  and  simplest  characteristic  rate  in  (16).  The  rate  r, 
describes  those  relaxation  processes  which  cause  { az )  and 
(b,)  to  decay  at  the  rate  r ,  with  no  coupling  of  (a,)  to 
<b*>,  i-e, 

^  <23) 

where  /  =  a  or  fc.  An  obvious  contributor  to  r,  is  the  dif¬ 
fusion  of  spin  polarized  alkali-metal  atoms  to  the  cell 
walls.  The  silicone  coatings  which  are  so  effective  in 
slowing  down  the  spin  relaxadon  of  l2,Xe  nuclei  cause  no 
measurable  slowing  down  of  the  alkali-metal-atom  spin 
relaxadon,  probably  because  we  leave  the  inner  walls  of 
the  cells  coated  with  many  small  droplets  of  alkali  metal 
to  try  to  ensure  that  the  equilibrium  saturated  vapor  pres¬ 
sure  of  alkali-metal  atoms  prevails  within  the  cell  at  a 
given  temperature.  The  lowest  diffusion  mode  of  a  sphere 
of  radius  R  with  disorienting  walls  has  a  relaxation  rate24 


Yd  = 


^Dq  760 
R1  P  ' 


(24) 


where  p  is  the  pressure  in  To  it  of  the  gas  (N2)  through 
which  the  alkali-metal  atoms  diffuse  and  D0  is  the  dif¬ 


fusion  constant  of  the  gas  at  one  atmosphere  (760  Torr). 
We  have  measured  Do  f°r  Rb  *n  Nj  and  we  find  ^ 

Do(RbN2)=0.20cm2sec-'  (25) 


at  70 *C.  This  is  in  satisfactory  agreement  with  the  value 
Dq  (RbN2)=0.16  cm2 sec-1  at  32*C  measured  by 
Franz.22  For  our  cells,  which  have  radii  of  about  13  mm, 
the  diffusion  rates  Yd  f°r  cells  with  the  lowest  N2  pres¬ 
sures  (  —  10  Torr)  do  not  exceed  50  sec-1,  a  relatively 
small  contribution  to  y  l0- 

The  most  important  contribution  to  rx  and  to  y10  is  re¬ 
laxation  due  to  the  formation  of  alkali-metal— noble-gas 
van  der  Waals  molecules.  As  we  already  mentioned  in 
connection  with  (1)  and  (2)  the  molecule-induced  rate  is 
the  product  of  a  formation  rate  per  alkali-metal  atom 
Tfx  and  a  spin  destruction  probability  |  q(F,F)  |  per 
molecular  lifetime.  At  high  N2  pressures  where 
$/{2I  +  1 ) «  I  one  can  show  that6 


*(*  +  !)  , 
+  x2  J 


where  /  is  the  isotopic  fraction  of  129Xe.  There  is  no  re¬ 
striction  on  the  magnitude  of  the  Breit-Rabi  parameter  x 
in  (26).  For  lower  N2  pressures  where  <5/(2/  +  1 )  >  1,  we 
may  write  |  q  (F,F)  |  as  a  power  series  in  x  ~7  and  find6 


Formula  (27)  is  valid  only  if  x2»  1. 

We  studied  the  effects  of  cell  temperature  on  the 
slowest  decay  rate  y,0  described  above  and  we  found  that 
in  the  case  of  ,7Rb,  ylQ  was  independent  of  cell  tempera¬ 
tures  in  the  range  of  50  to  80*C  to  within  the  — 10%  ac¬ 
curacy  of  the  measurements.  The  main  effect  of  increas¬ 
ing  the  cell  temperature  was  to  increase  the  weights  of  the 
faster  relaxation  transients  shown  in  Figs.  5  and  6  and  to 
increase  the  influence  of  the  pumping  light  on  the  slowest 
decay  rate;  i.e.,  the  slope  of  the  plots  like  those  of  Fig.  7 
were  less  at  higher  cell  temperatures,  These  observations 
suggest  that  neither  alkali-metal-atom— alkali-metal-atom 
spin-exchange  collisions  nor  higher-order  spatial  diffusion 
modes  had  any  significant  effects  on  the  measured  value 
of  the  slowest  relaxadon  rate  y,. 

In  summary,  we  attribute  most  of  the  measured  slow 
decay  rate  yt  to  relaxadon  in  alkali-metal— noble-gas  van 
der  Waals  molecules.  To  extract  the  best  estimate  of  the 


molecular  contribution,  we  make  three  relatively  small 
corrections  to  the  raw  data. 

(1)  We  extrapolate  the  measured  slowest  decay  rate  y, 
to  zero  probing  light  intensity,  as  shown  in  Fig.  7,  to  ob¬ 
tain  slowest  decay  rate  y)0  for  relaxation  in  the  dark. 

(2)  We  subtract  from  yto  an  estimate  (24)  of  the  contri¬ 
bution  of  spatial  diffusion  of  spin  polarized  alkali-metal 
atoms  to  the  depolarizing  walls  of  the  cell. 

(3)  We  also  subtract  an  estimate  of  the  contribution  of 
electron  randomizing  collisions  between  spin  polarized 
alkali-metal  atoms  and  Xe  atoms.  Since  the  electron  ran¬ 
domization  rate  has  only  been  measured  for  Rb  and  Nr 
we  approximate  the  rates  for  K  and  Cs  by  the  rate  (19)  foi* 
Rb. 

Our  best  estimate  for  the  contribution  of  van  der  Waals 
molecules  to  the  slowest  spin-relaxation  rate  of  alkali- 
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metal  atoms  is  thus 

_i _ _  760  _  3r2 

Tm  _r,°  R 2  p  <2/  +  l)2  +  2  ’ 


(28) 


In  Fig.  8  we  summarize  measured  spin-relaxation  rates 
of  alkali-metal  atoms  in  1  Torr  of  Xe  gas  (69  wt.  % 
129Xe),  corrected  for  diffusion  and  binary  collisions  ac¬ 
cording  to  the  right-hand  side  of  Eq.  (28).  The  solid 
curves  are  the  theoretical  value  |  q(F,F)  |  Tf'  for  the  re¬ 
laxation  due  to  van  der  Waals  molecules.  Theoretical 
curves  were  fit  to  the  data  by  using  the  molecular  forma¬ 
tion  rate  Tf'  per  alkali-metal  atom  and  the  characteristic 
pressure  pa  of  (6)  as  free  parameters.  The  curves  are  not 
very  sensitive  to  the  Breit-Rabi  parameter  x  and  the  value 
of  x  was  not  a  free  parameter  in  the  fits  of  Fig.  8,  but  x 
was  instead  determined,  as  described  in  Sec.  V,  from  the 
ratio  of  the  ,29Xe  and  alkali-metal-atom  spin  relaxation 
rates  at  higher  third-body  pressures.  The  values  of 
q{F,F)  used  to  fit  the  data  of  Fig.  8  are  about  12% 
smaller  than  the  value  given  by  Eq.  (27)  because  we  aver¬ 
aged  the  spin-transfer  coefficient  over  a  distribution  of  ro¬ 
tational  angular  momenta  N  as  described  in  Ref.  6. 


IV.  MEASUREMENT  AND  ANALYSIS 
OF  SPIN-RELAXATION  TRANSIENTS 
OF  ,wXe  NUCLEI 

The  relaxation  of  129Xe  nuclei  is  relatively  simple  com¬ 
pared  to  the  spin  relaxation  of  alkali-metal  atoms  dis¬ 
cussed  in  Sec.  III.  Since  the  nuclear  spin  of  u9Xe  is 
K  =  -j-  there  can  only  be  one  longitudinal  relaxation  time 
and  our  experiments  show  that  the  l29Xe  transients  are 
well  described  by  a  single  exponential  decay  curve  instead 
of  a  superposition  of  several  exponential  decay  curves  as  is 
observed  for  spin  relaxation  of  the  alkali-metal  atoms. 

The  experimental  apparatus  for  observing  the  relaxation 
of  the  ,29Xe  spins  is  shown  in  Fig.  9.  A  dc  magnetic  field 
( H0  5  G)  which  is  produced  by  large  coils  (not  shown  in 
Fig.  9)  defines  the  Larinor  frequencies  of  alkali-metal 
atoms  and  l29Xe  nuclei  and  lessens  the  sensitivity  of  the 
system  to  stray  magnetic  fields.  The  cell  is  heated  by  a 


stream  of  hot  air  and  the  gas  mixture  in  it  is  optically 
pumped  by  an  alkali-metal-atom  vapor  resonance  lamp 
using  a  circular  polarizer  (CP)  and  a  filter  which 
transmits  the  D 1  line.  During  the  probe  phase  of  the  ex¬ 
periment  the  circular  polarizer  is  removed  and  the  small 
amount  of  elliptical  polarization  introduced  in  the  un po¬ 
larized  light  by  the  polarized  alkali-metal  atoms  is  detect¬ 
ed  with  a  photoelastic  modulator.  The  signal  is  propor¬ 
tional  to  the  number  density  of  the  spin  polarized  129Xe 
nuclei  since  the  short-lived  ( » 1  msec)  polarized  ,7Rb 
atoms  are  produced  by  spin  exchange  with  the  xenon. 
Small  amounts  of  stray  elliptical  polarization  caused  by 
the  lamp  itself  and  by  the  optical  components  are  initially 
compensated  by  a  rotatable  A./4  plate.  The  stray  com¬ 
ponents  of  the  elliptical  polarization  are  temperature  sen¬ 
sitive.  This  leads  to  a  slow,  unpredictable  drift  in  the  el¬ 
liptical  background  polarization  during  the  long  («y  h) 
relaxation  time.  To  compensate  for  the  slow  drift  we  per¬ 
form  adiabatic  rapid  passage,  i.e.,  we  periodically  invert 
the  129Xe  nuclear  polarization  with  a  chirped  audio¬ 
frequency  magnetic  field  which  is  applied  to  the  small 
coils.  The  frequency  is  swept  from  3  to  7  kHz  through 
the  129Xe  magnetic  resonance  of  5  kHz.  The  xenon  polar¬ 
ization  is  determined  by  subtracting  the  average  signals 
during  the  5-sec  intervals  before  and  after  an  inversion. 
This  procedure  is  equivalent  to  transforming  the  signal 
power  to  higher  frequencies  and  it  substantially  attenuates 
noise  components  with  periods  longer  than  10  sec.  An 
Apple  II  +  computer  controls  the  inversion  rates  and  per¬ 
forms  on-line  data  processing.  The  signal  amplitude  is 
given  by  A  [t)  =  A  (0)(f—  l)"exp(  —  r/8),  where  e  is  the 
decay  per  inversion,  n  is  the  number  of  inversions  which 
have  occurred  by  time  f,  and  6  is  the  l29Xe  relaxation 
time.  Variation  of  the  interval  betweeen  consecutive  in¬ 
versions  permits  the  determination  of  both  6  and  e  from 
the  decay  curve.  Independent  measurements  of  9  under 
the  same  conditions  have  a  variance  from  their  mean  of 
*5%.  Typical  decay  curves  of  129Xe  in  J,K,  ,5Rb,  and 
mCs  alkali-metal-atom  vapors  are  shown  in  Fig.  10.  The 
decay  rate  of  the  l29Xe  nuclear  polarization  9~'  results 
from  the  c  ombined  effects  of  the  alkali-metal-induced  rate 


FIG.  9.  Apparatus  to  measure  the  nuclear-spin  relaxation  transients  of  ’’’Xe  in  various  alkali-metal-atom  vapors  and  in  the  pres¬ 
ence  of  various  amounts  of  Nj  gas.  The  ,l*Xe  nuclear  polarization  is  inverted  with  a  chirped  audio-frequency  putse  from  time  to  time 
to  eliminate  slow  drifts  from  the  recording  system.  I 
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FIG-  10.  Representative  1J9Xe  nuclear-spin  relaxation  transients  in  3,K,  lsRb,  and  mCs  alkali-metal-atom  vapors  as  observed  with 
the  apparatus  of  Fig.  9. 
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FIG.  1 1.  Dependence  of  the  ,ltXe  spin-relaxation  rate  on  the 
*’Rb  number  density  in  an  uncoated  Pyrex  cell  containing  21 
Torr  of  N*  gas  and  in  a  silicone-coated  Pyrex  cell  containing 
14.9  Torr  of  N2.  Both  cells  contain  0.5  Torr  of  Xe,  enriched  to 
69  wt.  %  isotopic  fraction  of  lwXe.  The  wall-induced  relaxation 
rate  is  the  intercept  at  (Rb]*0.  Silicone-coated  cells  have  much 
longer  wall-relaxation  times  for  ,2*Xe  than  uncoated  cells.  The 
Rb- induced  contribution  to  the  llTXe  relaxation  rate  depends  on 
the  third-body  (i.e.,  Nj)  gas  pressure. 


where  C  and  T~ 1  are  temperature-independent  constants. 
The  quantities  C  and  T"1  are  determined  by  measuri/^ 
0~‘  at  various  temperatures  as  shown  in  Fig.  11.  Tnt 
alkali-metal  density  is  deduced  from  the  measurement  of 
the  cell  temperature  with  a  nonmagnetic  thermocouple 
and  by  using  empirical  saturated  vapor-pressure  curves 
for  the  alkali  metals.  We  should  mention  that  several 
pieces  of  evidence  have  convinced  us  that  the  Rb  vapor- 
pressure  curve  given  by  Smithells25  and  used  by  us5-,l03° 
and  by  the  group  at  Litton  Industries5  4  to  interpret  spin- 
relaxation  measurements  of  xenon  isotopes  in  Rb  vapor  is 
incorrect  and  gives  a  vapor  pressure  which  is  more  than  a 
factor  of  2  smaller  than  the  true  vapor  pressure.  Bouchiat 
and  Brossel26  have  already  commented  on  fhis  discrepan¬ 
cy.  The  best  data  for  Rb  seem  to  be  those  of  Killian,27 
whose  empirical  formula  for  the  saturated  vapor  pressure 
of  Rb  metal,  in  dyn/cm2,  is 

logi0P=  10.55  — 4132/7"  .  (30) 

Faraday  rotation  measurements  in  our  laboratory  have 

shown  that  the  K  vapor  pressure  in  our  cells  for  the  tem¬ 
perature  range  70  to  1 10’C  is  adequately  represented  by  a 
variant  of  Killian’s27  formula 

logioP=  11.57 -4964/T.  (31) 

Here  T  is  the  absolute  temperature  in  Kelvin.  For  Cs  we 
used  the  formula  tabulated  by  Nesmeyanov21  for  the  sa¬ 
turated  vapor  pressure  in  Torr  (1  Torr=  1333.  • 
dyn/cm2): 

logioP=H.0531  -  1.351og107'-4041/r  (32) 

There  is  good  evidence”  that  the  wall-induced  rate  is  a 
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decreasing  function  of  the  cell  temperature  in  the  case  of 
,J,Xe-  In  our  experiments  with  '"Xe,  the  wall-induced 
rate  is  so  small  compared  to  the  alkali-metal-induced  rate 
that  any  temperature  dependence  of  1  /Tw  will  introduce 
a  negligible  error  in  our  inferred  values  of  the  alkali- 
metal-induced  rate  C[M].  We  believe  that  there  are  two 
contributions  to  the  alkali-metal-induced  rate: 


C[M]  =  ~  =  ^r-  \qtK.K) 

&0  ‘  K 


+ 


1  1 
Tu  2 


(33) 


The  relaxation  due  to  alkali-metal— noble-gas  van  der 
Waals  molecules  is  the  product  of  a  molecular  formation 
rate  Tj[l  per  noble-gas  atom  and  a  probability  |  q(K,K)  \ 
that  the  nuclear  spin  is  destroyed  during  the  molecular 
lifetime.  The  last  term  in  (33)  describes  the  relaxation  due 
to  binary  alkali-metal— noble-gas  collisions  where  Tkb  is 
the  rate  of  binary  collisions  per  noble-gas  atom  and  tb  is 
an  appropriately  defined  mean  duration  of  the  binary  col¬ 
lision. 

Several  pieces  of  evidence  show  that  the  contribution 
from  binary  collisions  is  small  compared  to  the  contribu¬ 
tion  from  van  der  Waals  molecules.  First,  the  binary  con¬ 
tribution  should  be  independent  of  the  third-body  (nitro¬ 
gen)  pressure,  but  all  of  our  data  show  a  strong  depen¬ 
dence  of  the  l29Xe  relaxation  rates  on  the  nitrogen  pres¬ 
sure.  Second,  the  binary  rate  should  be  independent  of 
magnetic  fields  less  than  10*  G.  Measurements  by  Bhas- 
kar  et  al ,J1  have  shown  that  the  relaxation  rate  of  U9Xe  in 
Rb  is  nearly  eliminated  by  an  external  magnetic  field  of 
200  G. 

We  may  estimate  the  contribution  of  binary  collisions 
to  the  nuclear-spin  relaxation  of  lwXe  by  noting  that  the 
binary-collision  rate  of  (33)  is  related  to  the  binary- 
collision  rate  per  alkali-metal  atom  TfB  of  (18)  by 


Tfg  Tkb 


(34) 


Substituting  (18)  and  (34)  into  (33)  we  find  that  we  may 
write  the  binary  contribution  as 
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FIG.  12.  Summary  of  the  experimentally  determined  molecu¬ 
lar  contribution  ( Tx,)~'  to  the  nuclear-spin  relaxation  rate  of 
lnXe  in  cells  containing  alkali-metal-atom  vapors  at  a  number 
density  of  10'1  cm-5,  as  deduced  from  the  empirical  formulas 
(30)— (32)  and  the  cell  temperatures.  Small  contributions  to 
(fx«)-‘  from  wall  relaxation  and  electron-randomizing  binary 
collisions  have  been  subtracted  to  obtain  ( TXt)~'  [see  Eq.  (39)]. 
Solid  curves  are  |?(X,X)|  Tjf'  with  q(K,K)  given  by  Eq.  (38). 
Note  that  the  alkali-metal  nuclear  spin  has  very  little  effect  on 
the  relaxation  of  1J?Xe,  as  is  evidenced  by  the  data  for  ,5Rb  and 
,7Rb.  These  data  are  used  to  determine  the  parameters  T*  1  and 
Po- 


0, 


1  1 

rK,  2 


f, 


=  r  [Afl  1 

2[Xe]  ±x>+f  • 


(35) 


Thus  for  Rb  in  Xe  where  r2  was  given  by  (19)  and 
x~3. 1,  we  find 


=4. 1  x  10~14  sec-*  cmJ[Rb]  .  (36) 

°B 

Al  a  representative  number  density  of  [Rb]=  10l2cm-J 
we  expect  a  binary  contribution  to  the  relaxation  of  12,Xe, 
9gl »0.4x  10~J  sec-1,  about  5%  of  the  peak  rate  at  17 
Torr  of  Nj  but  about  13%  of  the  total  rate  at  100  Torr  of 
Nj  (see  Fig.  12).  Unfortunately,  the  electron  randomiza¬ 
tion  rates  r2  for  K.  and  Cs  in  xenon  gas  have  not  been 


measured  but  it  is  reasonable  to  guess  that  they  are  com¬ 
parable  to  the  rate  for  Rb  or  Na,  as  discussed  in  Sec.  Ill, 
and  we  shall  therefore  assume  that  the  contribution  of 
binary  collisions  to  the  relaxation  of  l2,Xe  in  K  and  Cs 
vapor  is  small  compared  to  the  relaxation  due  to  van  dcr 
Waals  molecules. 

For  sufficiently  high  Nz  pressures  where 
d/(2/  +  l)«l,  one  can  ihow  that  the  nuclear-spin  de¬ 
struction  probability  for  l2,Xe  is 


r9(*,*)i=! 


d 

(2/  +  l)x 


[/(/  +  l)+2] 


(37) 


for  unpolarized  alkali-metal  atoms  but  with  no  restriction 
on  whether  x  is  larger  or  small  than  unity.  For  smaller 
Nj  pressures  where  d/(2/  +  l)>l  we  can  express 
|q(X,X)|  as  a  power  series  in  x~ 1  and  we  find 
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\q(K,K)\  =-i-(4/2+4/  +  3)- 
9x 1 


ai  +  i) 


6m/ 

(2/  +  l)x 

6m  f 

(21  + 1  )x 


6f(f+  1) 
2(2/  + lk2 

6f(f  + 1 ) 
2(2/ +  1U2 


Formula  (38)  is  valid  only  for  small  values  of  the  expan¬ 
sion  parameter  x  “2. 

In  summary,  we  attribute  most  of  the  alkali-metal 
dependent  decay  rate  0q1  of  l29Xe  to  relaxation  due  to 
van  der  Waals  molecules.  A  relatively  small  contribution 
to  0o  1  from  binary  alkali-metal— noble-gas  collisions  is 
subtracted  to  obtain  the  best  estimate  of  the  molecule- 
induced  relaxation 

-^-=0-‘-r2  -  1 - -  ,  (39) 

Tx*  [Xe]  ±x i+f  Tw 

where  as  before  we  approximate  the  electron  randomiza¬ 
tion  rate  r2  for  K  and  Cs  by  the  measured  rate  r2  —  1 85 
sec-1  for  Rb. 

In  Fig.  12  we  summarize  the  measured  spin-relaxation 
rates  of  129Xe  nuclear  spins  corrected  for  wall  relaxation 
and  for  electron  randomizing  collisions  according  to  Eq. 
(39).  Alkali-metal-atom  vapor  densities  of  1012 
atoms/cm1,  as  inferred  from  the  empirical  formulas 
(30)— (32),  were  assumed  for  Fig.  12.  The  solid  curves  in 
Fig.  12  are  the  theoretical  value  |  q  (K,K)  \  Tx  1  for  the  re¬ 
laxation  due  to  van  der  Waals  molecules.  The  theoretical 
curves  are  not  very  sensitive  to  the  Breit-Rabi  parameter 
x  and  the  value  of  x  was  not  taken  to  be  a  free  parameter 
in  the  fits  of  Fig.  12,  but  x  was  inferred  instead  from  the 
ratio  of  the  ,29Xe  and  alkali-metal-atom  spin-relaxation 
rates  at  high  third-bodv  pressures.  The  two  free  parame¬ 
ters  in  the  fit  were  T£  ,  the  molecular  formation  rate  per 
noble-gas  atom,  and  p0,  the  characteristic  pressure.  The 


value  of  |  £(£,£)  |,  the  probability  that  the  129  Xe  nu¬ 
clear  spin  is  destroyed  during  the  molecular  lifetime,  was 
taken  from  Eq.  (38). 

V.  DETERMINATION  OF  THE  BREIT-RABI 
PARAMETER  x  FROM  THE  RATIO 
OF  THE  SPIN-RELAXATION  TIMES 
OF  THE  ALKALI-METAL  ATOMS 
AND  THE  NOBLE-GAS  ATOMS 

Let  us  consider  the  ratio  of  the  wall-corrected  spin- 
relaxation  rate  C[M]  of  the  xenon  atoms  to  the  slowest 
spin-relaxation  rate  of  the  alkali-metal  atoms  M, 

I  ti^Dq  760  Torr  ( 

7V^=ri0“  R*P(  N2)  ( 

after  the  effects  of  optical  pumping  and  spatial  diffusion 
have  been  eliminated.  From  (26),  (33),  and  (37)  we  find 
that  the  expected  ratio  at  high  N2  pressures  is 

A_=[Xe]  U2  +  3//4)  (41) 

Tm.o  [M)  /(/  +  1  )+f 

provided  that  we  assume  that  the  Breit-Rabi  parameter  x 
is  the  same  for  binary  collisions  as  it  is  for  van  der  Waals 
molecules  and  provided  that  we  assume  that  the  contribu¬ 
tion  of  binary  collisions  to  the  relaxation  of  the  alkali- 
metal  atoms  is  given  by  (21),  the  value  appropriate  to  the 
eigenobservable  F,  of  spin  temperature  equilibrium.  Since 
we  have  already  shown  that  the  contribution  of  binary 


TABLE  IL  Data  used  to  determine  x  for  ,5Rb'”Xe  from  Eq.  (42).  Cells  all  contained  1  Ton  of  xe¬ 
non  (69  wt%  ,wXe)  and  the  ,29Xe  relaxation  rates  were  determined  at  a  number  density  of  10IJ  cm-5 
according  to  formula  (30).  Small  contributions  of  the  cell  walls  to  the  alkali-metal-atom  and  noble-gas 
spin-relaxation  rates  have  been  subtracted  in  accordance  with  Eqs.  (29)  and  (40k _ 


N]  pressure 

do'  sec'1 

6p 

in  cell 

7y.o  sec*1 

F.v.o 

23 

346 

9.06XI0”’ 

3.82x10* 

35 

228 

7.13X10’’ 

3.20X10* 

56 

178 

5.25X10-’ 

3.38x10* 

96 

124 

3.04X10-’ 

4.06X10* 

Mean  value  of  36-  and  96-Torr  cells 


3.72X10* 


r»vj.  i j.  ixfli  uciwcui  caovi  iiuiiiciivai 

and  perturbative  approximations  of  the  frequency-shift  coeffi¬ 
cient  s(a,K).  Effect  of  assuming  a  distribution  in  N  is  also 
shown. 


and  perturbative  approximations  to  the  zero-pressure  width 
\H o  of  the  magnetic  slowing-down  curves.  Effect  of  assuming 
a  distribution  of  N  is  also  shown. 
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illisions  is  small  for  both  T^'0  and  0O_I,  any  modest 
rparture  of  the  alkali-metal  eigenobservable  from  F,  or 
the  binary  value  of  jc  from  the  molecular  value  will 
iuse  a  negligible  error  in  our  results.  We  may  therefore 
*  (41)  to  evaluate  x 2  from  the  measured  values  of  6$, 
v.o  and  f  Xe]  and  from  the  alkali-metal  number  density 
if]  which  we  infer  from  the  cell  temperature  and  the 
titrated  vapor-pressure  formulas  (30)— (32).  The  explicit 
pression  is 


epresentative  data  for  *3Rb12,Xe  are  shown  in  Table  II. 
Se  values  of  x  inferred  for  i29Xe  paired  with  3,K.  ,5Rb, 
Rb.  and  mCs  are  summarized  in  Table  I. 


VI.  RATIO  OF  REPOLARIZATION  SIGNAL 
TO  PUMPING  SIGNAL 

In  our  experiment  we  detect  the  nuclear-spin  polariza- 
>n  of  the  noble  gas  indirectly  by  observing  the  “repolari- 
tion"  signal,  i.e.,  by  observing  the  electronic-spin  polari- 
tion  induced  in  the  alkali-metal  atoms  by  collisions  with 
e  nuclear-spin-polarized  noble-gas  atoms.  The  magni- 
de  of  the  repolarization  signal  depends  on  many  param- 
as  in  addition  to  the  magnitude  of  the  nuclear-spin  po- 
izarion  of  the  noble  gas.  The  intensity,  circular  polari¬ 


zation,  and  spectral  profile  of  the  probing  light;  the  num¬ 
ber  densities  of  the  alkali-metal  atoms,  the  noble-gas 
atoms,  and  the  third-body  atoms  or  molecules;  and  the 
spin-relaxing  properties  of  the  cell  walls  can  all  influence 
the  repolarization  signals.  The  purpose  of  this  section  is 
to  show  that  there  is  good  agreement  between  the  magni¬ 
tude  of  the  observed  repolarization  signals  and  the 
theoretically  expected  values. 

We  measured  the  repolarization  signals  with  the  ap¬ 
paratus  sketched  in  Fig.  13.  The  cell  was  optically 
pumped  for  several  spin-relaxation  times  of  the  noble-gas 
nuclei;  a  typical  pumping  time  was  about  15  min.  The 
pumping  light  passed  through  a  neutral  density  (ND)  fil¬ 
ter,  a  circular  polarizer  (CP),  the  sample  cell,  and  a  circu¬ 
lar  analyzer  (CA).  At  the  end  of  the  pump  phase  the  CP 
was  removed  from  the  optical  train  and  a  stopwatch  was 
started  simultaneously.  A  radio-frequency  magnetic  field, 
100%  square-wave  modulated  at  10  Hz,  was  applied  to 
the  sample  cell  at  the  resonance  frequency,  700  KHz/G  of 
the  s7Rb  atoms.  The  electron-spin  polarization  (Ft)  of 
the  S7Rb  was  thereby  driven  to  zero  for  half  of  the  10- Hz 
cycle  and  it  was  allowed  to  recover  to  its  repolarized  value 
during  the  half  cycle  the  rf  was  off.  The  recovery  time 
was  a  few  milliseconds  and  the  saturation  time  in  the  rf 
field  was  even  shorter,  so  the  S7Rb  polarization  was  very 
nearly  square-wave  modulated  also.  The  modulated  ,7Rb 
polarization  (F,)  modulated  the  attenuation  A  of  the  va- 


1G.  13.  Apparatus  used  to  measure  the  ratio  of  the  alkali-metal-atom  spin  polarization  produced  by  collisions  with  nuclear-spin 
in  zed  ,l*Xe  to  the  alkali-metal-atom  spin  polarization  during  the  optical-pumping  phase. 
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experimental  determination  of  the  rate  constants  .  .  . 
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or,  so  the  light  reaching  the  detector  was  square-wave 
lodulated  by  an  amount  proportional  to  the  i7Rb  spin 
olarizatiacL  The  10- Hz  optical  signal  was  detected  with 

lock-in  amplifier  referenced  to  the  same  10- Hz  modula- 
on  frequency.  This  probe  signal  decayed  slowly  because 
f  the  relaxation  of  the  lwXe  nuclear  polarization  which 
rax  responsible  for  the  repolarization.  To  eliminate  drifts 
nd  offset  signals  the  129Xe  polarization  was  periodically 
averted  as  described  in  Sec.  IV  and  the  time  between  the 
cm  oval  of  the  circular  polarizer  and  the  occurrence  of 
tie  first  adiabatic  inversion  was  recorded  with  the 
topwatch.  The  ,wXe  relaxation  signal  was  recorded  on 
hart  paper,  and  by  extrapolating  the  signal  amplitude 
ack  to  the  time  of  removal  of  the  circular  polarizer,  we 
ten  able  to  infer  the  initial  repolarization  signal  S\e. 

The  circular  polarizer  was  then  replaced  in  the  optical 
rain  and  the  much  larger  signal  due  to  the  optically 
umped  Rb  atoms  was  recorded  with  exactly  the  same  10 
Iz  chopped  rf.  The  rf  was  turned  off  completely  several 
imes  to  establish  the  baseline  for  the  optical  pumping  sig- 
al  SRb.  During  the  recording  of  the  optical  pumping 
ignal  the  adiabatic-inversion  pulses  were  turned  off,  al- 
lough  we  found  that  made  very  little  difference  to 
le  pumping  signal.  Data  from  a  representative  measure- 
lent  are  shown  in  Fig.  14. 

The  ND  filter  was  then  replaced  by  a  filter  with  a  dif- 
crent  attenuation,  the  rf  was  turned  off,  the  cell  was 
umped  for  another  15  minutes,  and  the  measurement  cy- 
le  was  repeated  as  described  above.  All  of  the  measure- 
icnts  were  done  at  the  same  cell  temperature. 

The  ratios  Sx,/Snb  of  the  repolarization  signal  to  the 
ump  signal  was  then  plotted  as  a  function  of  the  relative 
ght  intensity.  A  representative  plot  is  shown  in  Fig.  1 5. 

[  can  be  seen  that  the  ratio  decreases  linearly  from  the 
ero-light-intensity  intercept  (Sxc/SrhIo-  Similar  plots 
ere  made  for  other  sample  cells  with  different  amounts 
f  nitrogen  buffer  gas  but  with  the  same  amount,  0.5 
orr,  of  isotopically  enriched  Xe  gas.  W e  shall  subse- 


X«  Signal  Rb  Signal 


FIG.  14.  Sample  data  (the  noise  is  too  small  to  reproduce)  of 
*  repolarization  signal  and  the  optical-pumping  signal.  The 
itial  envelope  of  the  Xe  signal  is  25*,  (the  factor  of  2  comes 
om  the  adiabatic  inversion)  and  the  envelope  of  the  Rb  signal 
■S**- 


F1G.  15.  Dependence  of  the  signal  ratio  on  the  intensity  of 
the  optical-pumping  light.  Strong  unpolarized  light  during  the 
probe  phase  can  substantially  decrease  the  magnitude  of  the  re- 
polanzation  signal. 


quently  show  that  except  for  a  correction  factor  of  order 
unity  which  accounts  for  the  attenuation  of  the  circular 
polarizer,  the  signal  ratio  SXt/S Rb  is  equal  to  the  ratio 
(f*i ) repot/ (f*i ) pump*  where  ( Fz ) pUrop  and  ( Fz ) repoi  arc  the 
expectation  values  of  the  alkali-metal  angular  momenta 
during  the  pump  and  probe  phases,  respectively. 

To  interpret  these  experiments  we  recall  that  for  weak 
polarization  the  attenuation  A  of  the  vapor  was  given  by 
(11).  For  simplicity  we  shall  neglect  the  contributions  to 
A  of  (  I  -S>  and  of  the  two  quadruple  observables.  This 
is  a  good  approximation  for  81Rb  cells  probed  with  87Rb 
lamps,  since  the  spectral  profile  of  the  lamp  is  then  quasi¬ 
broadline  and  cannot  produce  <  IS)  or  the  quadrupole 
observables  efficiently u- 16  Furthermore,  the  attenuation 
of  the  light  will  be  relatively  insensitive  to  <  I  -S),  i.e.,  we 
expect  to  find 


dA  dA 

aus>  <<: 


(43) 


Finally,  as  we  mentioned  in  Sec.  Ill,  the  relaxation  of 
(IS)  and  the  quadrupole  observables  is  normally  faster 
than  that  of  (a, )  and  (bz },  and  this  will  further  suppress 
the  magnitudes  of  (  I  -S)  and  of  the  two  quadrupole  ob¬ 
servables  relative  to  the  magnitudes  of  (a,)  and  (bz). 
We  shall  further  assume  that  (az)  and  ( b, )  are  well 
described  by  the  spin  temperature  approximations,6  i.e., 


(/,)  =  /(/-H>(2/+I>  (  >  _ 

2(2/  + I )[/(/  +  !)+ 7] 


where  /  =  /  ±  7 .  Then  (11)  can  be  written  as 


At=A 0±  if{Fz)  , 


(45) 


where  Af  is  a  linear  combination  of  dA  /d(az)  and 
dA/d(bz). 

We  will  denote  the  number  density  of  a¥  photons 
entering  the  cell  by  n+  and  the  number  density  of  a_ 
photons  by  n_.  The  numbers  of  cr+  and  a _  photons 
emerging  from  the  cell  will  be  n  +  {A0  +  Ar(Fz))  and 
n  —  Af{F,)),  respectively.  These  photon  currents 
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x  attenuated  further  by  factors  of  a  +  and  a _, 
rtively,  when  they  pass  through  the  CA.  The  num- 
aosity  of  photons  reaching  the  detector  is  therefore 

+  a  +  (AQ  +  Af(Ft))+n_a^lAQ  —  Af(Ft ) )  (46) 

he  signal  detected  by  the  lock-in  amplifier  of  Fig.  13 
be  proportional  to 

LS  =  (/t  +  a  +  -«.fl_Mf(fI)  .  (47) 

ig  the  repolarixation  phase  of  the  measurement  the 
lar  polarizer  is  removed  and  we  will  therefore  have 
./»_  =n0/2,  where  n0  is  the  number  density  of  pho¬ 
to  the  beam  of  un polarized  light  from  the  lamp. 

iSlt:fol  =  -^-(a+~a_)AF<F,)Kvol  .  (48) 

og  the  pump-phase  measurement  we  have 
=  (/i0/2)u+  and  n  _  =  (rr0/2)a_.  This  is  so  because 
olarizer  and  analyzer  are  nearly  identical  and  are  cut 
the  same  sheet  of  laminated  plastic  circular- 
izer  material.  Thus  the  pomp-phase  signal  is 

^l«mp  =  :y-(a2+“ai)^<f«>ru0,p.  (49) 

ratio  of  the  signals  is 

tpot _ 1 _ (Ft)  proht  =  J__W  probe 

amp  Q+~\~Q—  )putnf  2X2  (^f)pump 

can  easily  verify  that  the  fractional  attenuation  of  un- 
T2ed  light  by  the  polarizer  b 

+a_ 

f=-~ -  .  (51) 

a  good  polarizer  the  fractional  attenuation  is  very 
y  y,  and  for  our  polarizers  we  measure 

r=0.44  ,  (52) 

e  correction  factor  is  2a  =0.88  for  our  experiments, 
ic  evolution  of  the  noble-gas  spin  polarization  during 
ump  phase  is  given  by 

+  "lq(K,K)(K,)+q{K,F)(Fl)]  (53) 

•  K 


+  ^r[q(F,F)(F')+fq(F,K)(K,)],  (55) 
Tf 

where  ( Topt)~x  is  the  spin-depolarization  rate  due  to  the 
unpolarized  probe  light.  The  value  of  (K, )  decreases 
very  slowly  with  time  compared  to  the  characteristic  time 
77~10-3  sec,  so  we  may  write  the  quasi-steady-state 
solution  to  (55)  as 


( Ft)r- ol  =  - 


fq(F,K)(Kz) 

^~+\q{F,F)\ 


since  q(F,F)<  0. 

Thus,  we  expect  the  ratio  of  the  alkali-metal-atom  spin 
polarization  at  the  beginning  of  the  repolarization  mea¬ 
surement  to  the  pump-phase  polarization  to  be 

(^)nrpoi  _ _ fq{FtK)qiK,F) _ 

(^x^purop  Tf  T% 

r  r  r  ,  ^  ,  i  /  ry  ts  \  \ 


+  \q(F,F)\ 


+  \q(K,K)\ 


In  the  limit  of  low  light  intensity,  — »•  oo ,  and  we  may 

rewrite  (57)  as 


q(F,F)q(K,K) 

q{K'K)\ 

*  K _ 

+-\q(K,K)\ 


(Fz)  rcppi 

<F,)  pump  Ig 


The  correction  factor 

~  +  ~\q(K,K)\  — J—  +C[Rb] 

1  w  1 K  1  w 


-z~~  \q(fC,K)  | 
*  K 


C[Rb] 


can  be  determined  experimentally  from  data  like  those  of 
Fig.  1 1,  and  in  view  of  (50)  we  expect  to  find 


q(F,F)q(K,K) 


-+C[Rb] 

if 

C[Rb] 


h  has  the  steady-state  solution 

:^>o=i^iU  (54) 

-^-+\q(K,K)\ 

*  m 

q(K,K)<  0. 

we  ignore  the  effects  of  spatial  diffusion  and  other 
relaxation  mechanisms  (but  not  spin  exchange, 
)  has  no  effect  on  (F,))  we  may  describe  the  evolu- 
>f  the  alkali-metal-atom  spin  polarization  by 


Equation  (60)  gives  two  expressions  for  the  repolarization 
ratio  r.  a  purely  theoretical  formula  in  the  middle  involv¬ 
ing  the  spin-transfer  coefficients  q(F,K),  etc.,  and  on  the 
right-hand  side,  an  experimental  ratio  corrected  for  the  ef¬ 
fects  of  129Xe  wall  relaxation  (a  factor  slightly  larger  than 
1)  and  for  the  polarizer  attenuation  (2a  =0.88,  a  factor 
slightly  less  than  1).  The  experimental  and  theoretical 
values  of  r  are  compared  in  Fig.  16.  Note  that  there  are 
no  adjustable  parameters  in  Fig.  16.  The  Breit-Rabi  pa¬ 
rameter  x  and  the  characteristic  pressure  p0  which  go  into 
the  evolution  of  the  spin-transfer  coefficients  [e.g.,  see  (38) 
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Spin  exchange  collisions  between  gaseous  atoms  first  attracted  attention 
n  the  1 950 ' s  when  V.  Weisskopf  and  N.  Ramsey3’4  first  suggested  in  a  Harvard 
eminar  that  the  collisional  transfer  of  population  between  the  hyprfine  sub- 
evels  of  H  atoms  in  a  gas  would  be  dominated  by  the  spin  exchange  interac- 
ion.  The  cause  of  the  exchange  is  illustrated  in  Fig.  1  which  shows  the 
owest  singlet  and  triplet  potentials  of  a  pair  of  H  atoms.  These  potentials 
an  be  represented  by  a  spin-dependent  potential 

V  =  Vj(R)  +  V2(R)  (1) 

here  ^  and  §2  are  the  spin  operators  of  the  two  H  atoms  and  Vj(R)  and  V2(R) 
re  spin-independent  functions  of  the  internuclear  separation  R.  The  poten- 

ial  (1)  cause  and  §2  to  rotate  about  each  other  or  exchange  at  a  fre- 

V2(R)  .  , 

uency  — ^ — ,  i.e.  at  the  difference  frequency  of  the  singlet  and  triplet 

atential  curves.  This  rate  is  so  large  that  the  spins  can  exchange  many 

imes  even  for  collision  impact  parameters  of  several  atomic  diameters  where 

igligible  momentum  transfer  occurs. 

Following  the  suggestion  of  Weisskopf  and  Ramsey,  the  details  of  spin 
;change  collisions  were  worked  out  by  two  groups  in  1956.  Purcell  and 
elrl3  were  interested  in  the  thermal  i  zation  mechanism  for  the  hyperfine 
iblevels  of  H  atoms  which  produce  the  famous  21  cm  line  of  radio  astronomy, 
d  they  carried  out  a  semir 1 assic al  analysis  if  spin  exchange  collisions, 
eke  and  Wittke1*  were  interested  in  the  effects  of  spin  exchange  collisions 
the  line  widths  of  the  magnetic  resonance  curves  of  atonic  hydrogen,  which 
ey  were  investigating  by  microwave  spectroscopy.  They  used  partial  waves 
analyze  the  effects  of  spin  exchange  on  the  line  widths. 


1 


-1- 


Spin  Exchange,  Past,  Present  and  Future 

"Paper  presented  at  the  Alfred  Kastler  Symposium 
Ecole  Normale  Superieure,  January  1985" 

W.  Happer 

Department  of  Physics 
Princeton  University 
Princeton,  NJ  08544 
U.S.A. 


Spin  exchange  provides  a  means  to  transfer  the  spin  angular  momentin  of 
atoms  which  have  been  optically  pumped  by  Kastler' s1  methods  to  other  atoms 
which  cannot  be  optically  pumped  directly.  Such  experiments  often  use  alkali 
atoms  as  the  optically  pumped  species  because  the  strong  adsorption  lines  of 
alkali  atoms  lie  in  the  visible  or  near  infrared  region  of  the  spectrum  where 
efficient  lasers  and  lamps  are  available.  We  may  think  of  the  alkali  atoms 
and  the  light  source  as  a  kind  of  prime  mover  of  angular  momentum  which  pro¬ 
vides  spin  for  various  secondary  spin  systems. 

The  basic  physics  of  spin  exchange  was  first  recognized  in  the  singlet- 
triplet  spectrum  of  the  helium  atom.  As  Heisenberq2  first  pointed  out,  the 
S i nq 1 et - tr l pi et  splitting,  or  the  exchange  frequency,  is  of  an  electrostat  ic 
nature  and  is  due  to  the  Pauli  principle  and  not,  as  one  night  naively  sup¬ 
pose,  to  the  magnetic  interaction  between  the  spins,  spin  exchange  interac¬ 


tions  are  ubiquitous  in  physics  and  are  an  important,  aspect  of  ferromagne¬ 
tism,  of  chemical  bonds,  and  of  course  of  the  topii  of  this  paper,  spin  ex¬ 
change  collisions  between  atoms,  molecules,  electrons  md  ions  in  a  gas. 
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K[Ne] 


where  K  is  an  equilibrium  constant  which  may  be  chosen  to  describe  the  quasi¬ 
bound  molecular  concentration  in  the  particular  vibrational  and  rotational 
states  which  are  supposed  to  be  responsible  for  the  spin  relaxation.  Thus, 
the  assumptions  of  Ref.  1  imply  a  violation  of  the  law  of  mass  action. 

In  conclusion,  the  authors  of  Ref.  1  do  not  adequately  justify  their 
omission  of  the  million-fold  suppression  factor  from  their  basic  equation 
(1),  and  the  assumption  that  quasibound  molecules  form  in  predominantly 
resonant  binary  collisions  but  are  broken  up  predominantly  by  collisions  with 
other  atoms  is  inconsistent  with  detailed  balance. 
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would  show  chaotic  collisions  with  an  occasional  encounter  in  which  a  quasi¬ 
bound  NaNe  molecule  is  formed  in  resonant  binary  collision.  The  nunber  of 
NaNe  molecules  formed  in  three  body  collisions  involving  a  Na  atom  and  two  Ne 
atoms  would  be  negligible.  The  molecules  would  be  observed  to  live  for  a 
short  time  before  being  broken  up  by  a  collision  with  another  Ne  atom.  Spon¬ 
taneous  breakup  of  NaNe  molecules  would  be  negligible.  If  the  "motion  pic¬ 
ture"  were  run  in  reverse  quite  a  different  scenario  vould  unfold.  Molecules 
would  be  formed  predominantly  in  three  body  collisions,  the  inverse  of  col- 
lisional  breakup,  and  moleucles  would  break  up  predominantly  by  spontaneous 
decay,  the  inverse  of  resonant  binary  collisions.  Thus,  the  arguments  in¬ 
volved  in  Ref.  1  are  not  invariant  to  time  reversal.  This  time  asynmetry  has 
nothing  to  do  with  the  spin  pol ar i zation ,  since  the  spins  are  assumed  to  have 
no  influence  on  the  formation  and  breakup  rates. 

As  one  more  example  of  the  difficulties  which  follow  from  the  assump¬ 
tions  of  Ref.  1  consider  the  equality  of  the  molecular  formation  and  breakup 
rates  which  must  obtain  in  thermal  equilibrium.  We  have 

[Na]  ~  =  [NaNe]  — —  (6) 

'f  Tel 

or 

=  -  '  neon- i  ndependent  ratio  (7) 

[Na]  Tf 

since  T~l  and  t^1  are  both  assuned  to  be  proportional  to  the  neon  pressure 
in  Ref.  1.  However,  according  to  the  law  of  mass  action 
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6a  t-$. 

The  authors  of  Ref.  1  state  in  connection  with  their  Eq .  2  "In  fitting 
Eq.  (1)  to  the  R*  data  we  found  no  significant  distinction  between  t  ^  and 
we  take 


Tel 1  '  Te21  =  To‘l  +  no°Bvrelp/p°’ 

where  nQ  is  Loschmidt's  nunber,  Og  is  the  breakup  cross  section  for  the  quasi 
bound  complexes,  vpej  is  the  mean  relative  velocity  of  Na  atoms  and  Ne  atoms, 
p  is  the  Ne  pressure  ,  and  p0  is  atmospheric  pressure.  Fits  also  indicate 
that  the  average  natural  lifetime  tq  of  the  quasibound  complex  is  sufficient¬ 
ly  long  that  both  tej  1  and  t^1  are  determined  solely  by  the  collisional 
breakup  rate.  The  best  fit  to  the  data,  indicated  by  the  solid  line  in  Fig. 
2,  yields 


Og  3.2xl0"l3cm2,  <6a2>T^1  =  7.2xl018psec'3.  (5) 

This  cross  section  is  about  an  order  of  magnitude  larger  than  the  cross  sec¬ 
tion  for  the  breakup  of  truly  bound  van  der  Waals  molecules.  If  we  assune 
that  the  shift  in  "a"  in  a  quasibound  state  can  be  as  much  as  10%  of  a,  that 
implies  a  formation  rate  900  psec*1,  not  an  unreasonable  number  based  on  the 
known  NaNe  potentials." 

The  arguments  above  are  inconsistent  with  the  principle  of  detailed 
balance  or  microreversibility  since  they  assume  that  the  molecular  formation 
rate  T*1,  per  Na  atom  is  dominated  by  resonant  binary  collisions  but  the 
breakup  rate  is  dominated  by  collisions  of  NaNe  molecules  with  other  Ne 
atoms.  For  example  a  "motion  picture"  of  the  Na  and  Ne  atoms  in  the  cell 
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for  relaxation  in  low  magnetic  fields.  This  problem  is  alluded  to  in  the 
last  paragraph  of  Ref.  1  which  states:  "Of  several  questions  which  remain, 
one  is  why  R*  is  not  affected  by  a  scale  factor  dependent  upon  magnetic 
field.  It  is  this  factor  which  allows  the  5a(§-t)  interaction  in  sudden 
binary  collisions  (the  origin  of  the  well-known  pressure  shift  of  the  hyper- 
fine  interaction)  to  yield  negligible  relaxation  in  low  H0  but  substantial 
relaxation  at  high  H0.13  Our  data  and  analyses  suggest  that  R*  behaves  as  if 
a  strong  effective  local  magnetic  field  is  present  in  the  molecular  state. 

For  present  purposes  we  have  taken  the  scale  factor  to  be  1,  but  more  sub¬ 
stantial  consideration  of  this  assumption  clearly  is  warranted." 

In  our  opinion  this  statement  is  insufficient  to  alert  the  average 
reader  that  the  scale  factor  is  not  1  but  is  forced  by  the  laws  of  quantum 
mechanic^ to  be  on  the  order  of  10"6.  While  the  authors  are  not  too  clear 
about  what  they  meany  by  a  "strong  effective  magnetic  field",  it  is  hard  to 
understand  how  such  a  field  could  fail  to  contribute  to  the  relaxation  rate 
Zj ,  and  the  authors  offer  no  suggestions  for  a  physical  mechanism  to  produce 
the  field. 

The  authors  of  Ref.  1  refer  to  the  magnetic  slowing  down  data  of  their 
Fig.  3  as  "a  conclusive  test  of  the  molecular  origin  of  R*".  In  fact,  if  the 
anomalous  relaxation  is  due  to  the  interaction  5a  f*?  as  claimed  by  the  au¬ 
thors  of  Ref.  1,  the  relaxation  rate  would  increase  with  magnetic  field  as 
the  authors  themselves  mention  in  their  last  paragraph.  Thus,  the  magnetic 
field  dependence  of  Ref.  1  has  the  wrong  sign  if  it  is  due  to  the  interaction 
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peak  at  a  neon  pressure  of  about  17  Torr  and  to  decrease  for  both  lower  and 
higher  pressures. 

The  authors  of  Ref.  1  attribute  the  anomalous  relaxation  to  an  interac¬ 
tion  6a  which  acts  during  the  lifetime  of  quasibound  Na  Ne  van  der  Waals 
molecules.  According  to  the  authors  of  Ref.  1;  “If  the  attribution  of  R*  to 
6a($*t)  relaxation  in  NaNe  van  der  Waals  molecules  is  correct,  the  following 
theoretical  description  should  apply. 1<4' 18 


R* 


Sir* 

= 


<6a>2Te1Te2I(I+l)Tf_l 
1  +  t^AW2 


(1) 


where  rg2  is  the  correlation  time  for  the  perturbation,  is  the  duration 
of  the  perturbation,  <6a>  is  the  average  shift  in  the  Na  hyperfine  constant  a 
per  perturbation,  I  is  the  nuclear  spin,  AW  is  2*  times  the  separation  be¬ 
tween  hyperfine  states,  and  T^1  is  the  formation  rate  of  complexes". 

Eq.  1  cannot  give  a  correct  description  of  spin  relaxation  due  to  the 
interaction  6a  t*§.  At  low  magnetic  fields  where  Eq.  1  is  supposed  to  be 
valid  the  off-diagonal  matrix  elements  of  5a  T  between  the  Zeeman  basis 
states  of  the  Na  atom  are  very  nearly  zero;  the  sole  non-zero  matrix  elenents 
are 


urH 

<2m  |  5a  f  |1  m>  -  5a 


(2) 


between  states  of  the  same  azimuthal  quantum  nunber  m  but  different  total 
angular  momentum  quantum  numbers,  2  and  1.  Formula  (1)  should  therefore  be 
multiplied  by  a  factor  on  the  order  of 


Franz  and  Sieradzan1  have  recently  presented  experimental  data  and 
theoretical  argunents  which  are  said  to  show  that  quasibound  van  der  Waals 
NaNe  molecules  make  an  important  contribution  to  the  spin  relaxation  of  Na 
atoms  in  neon  buffer  gas.  Here  we  point  out  certain  problems  with  the  argu¬ 
ments  of  that  paper. 

In  Ref.  1  exponential  decay  time  constants  for  the  spin  polarization  of 
optically  pumped  Na  atoms  in  neon  buffer  gas  are  measured  at  various  pres¬ 
sures  and  in  the  presence  of  strong  and  weak  magnetic  fields.  As  Bouchiat2 
first  pointed  out,  the  observed  spin  relaxation  transients  of  optically 
pimped  alkali  atoms  are  normally  the  sim  of  several  exponential  decay  curves. 
The  rate  of  the  slowest  exponential  is  denoted  by  Zj  in  Ref.  1,  and  it  is 
apparently  thought  to  be  due.  to  the  combined  effects  of  the  lowest-order  mode 
for  the  spatial  diffusion  of  spin  polarized  Na  atoms  to  the  depolarizing 
walls  of  the  cell  and  the  bulk-phase  relaxation  of  spin  polarized  Na  atoms 
due  to  the  spin  rotation  interaction3  yfi*§  which  acts  during  sudden,  binary 
NaNe  collisions.  Here  ft  is  the  rotational  angular  momentim  of  the  Na  and  Ne 
atoms  about  each  other  during  a  collision,  y  is  the  spin  rotation  coupling 
constant  and  $  is  the  electron  spin  of  the  Na  atom.  We  find  no  fault  with 
this  interpretation  of  Zj,  whose  dependence  on  the  neon  pressure  is  shown  in 
Fi g.  1  of  Re f .  1 . 

In  Ref.  1  it  is  claimed  that  the  initial  fast  transient  is  char ac ter i zed 
by  a  single  exponential  with  a  rate  constant  Z2  and  that  Z2  is  larqer  than 
one  would  infer  from  the  rate  Z[  of  the  slow  transient.  The  authors  of  Ref. 

1  assign  this  discrepancy  to  an  "anomalous  mode  of  relaxation"  R* .  The 
anomalous  relaxation  is  shown  in  Fig.  2  of  Ref.  1.  It  is  said  to  exhibit  a 
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Comment  on  "Binary  formation  of  Na  Ne  quasibound  molecules  observed  in  spin 

relaxation  of  Na" 

"Accepted  for  publication  in  the  Physical  Review" 


W.  Happer 

Department  of  Physics 
Princeton  University 
Princeton,  NJ  08544 


A  factor  of  about  10'6  has  been  omitted  without  adequate  justification 
from  a  key  formula  of  the  recent  paper  "Binary  Formation  of  Na  Ne  quasibound 
molecules  observed  in  spin  relaxation  of  Na".  The  arguments  of  the  paper  are 
also  inconsistent  with  the  principle  of  detailed  balance. 
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extrapolation  of  Fig.  15  is  designed  to  eliminate  the  shunt¬ 
ing  effect  of  R^  across  R„. 

Finally,  we  should  note  that  the  RC  network  of  Fig.  17 
is  appropriate  to  high  N2  pressures  where  <f> « 1  and 
q(K,K)=—q(K,F).  Under  these  conditions  very  little 
spin  transfer  among  F,  N,  and  K  occurs  during  each 
molecular  lifetime.  For  lower  N2  pressures  where  <f>  >  1, 
very  substantial  changes  of  F  and  K  can  occur  during 
each  molecular  lifetime,  and  much  of  the  atomic  and  nu¬ 
clear  spin  angular  momentum  is  transferred  to  the  rota¬ 
tional  angular  momentum  N  of  the  molecule.  Then  the 
RC  network  of  Fig.  17  should  be  modified  to  include  an 
additional  shunt  resistor  across  CXe.  This  new  shunt 
resistor  as  well  as  the  resistors  Ra  and  Rv  can  be  defined 
in  a  straightforward  way  in  terms  of  the  spin  coupling 
coefficients  of  Eqs.  (1)  and  (2). 

vm.  CONCLUSIONS 

The  data  of  Fig.  10  demonstrate  that  excellent  IWXe 
nuclear-spin  polarisation  signals  can  be  observed  in  K, 
Rb,  and  Cs  alkali-metal-atom  vapors.  Adrianov30  et  al. 
have  already  reported  that  ,J3Cs  is  comparable  to  the  Rb 
isotopes  as  a  spin-exchange  partner  for  IMXe,  but  they  re¬ 
ported  no  systematic  studies  of  the  dependence  of  the  ex¬ 
change  rate  on  third-body  pressure.  The  quantitative  data 
of  Table  I,  the  main  results  of  the  work  described  in  this 
paper,  show  that  the  parameters  x,  p0,  and  Z  are  similar 
in  magnitude  for  all  three  alkali  metals. 

We  are  unable  to  deduce  absolute  values  for  the  spin- 
rotation  constant  yN  and  the  spin-exchange  constant  a 
from  the  spin-relaxation  data  described  in  this  paper.  In¬ 
dependent  magnetic-decoupling  experiments31  are  low  be¬ 
ing  carried  out  in  our  laboratory  to  establish  the  magni¬ 
tude  of  yN. 

The  dependence  of  the  relaxation  rates  on  third-body 
(Nj)  pressure  (see  Figs.  8  and  12)  is  characteristic  of 
three-body  processes  where  the  relaxation  rate  is  the  prod¬ 
uct  of  a  molecular-formation  rate  Tf1  or  Tf'  and  a 
spin-destruction  probability  j  |  or  |  q(F,F)  | ,  as 

indicated  in  Eq.  (33)  or  (8).  At  low  N2  pressures  the 
molecular  lifetimes  are  so  long  that  |  q  (AT, AT)  |  and 
|  q{F,F)  |  are  independent  of  pressure  and  equal  to  their 
saturated  values,  y,  which  is  the  probability  that  N  will 
be  perpendicular  to  the  external  magnetic  field  when  a 
van  der  Waals  molecule  is  formed.  The  relaxation  rates 
are  therefore  proportional  to  the  molecular-formation 
rates  or  the  Nj  pressure. 

For  very  high  N2  pressure  the  spin-destruction  proba¬ 
bilities  must  be  proportional  to  the  square  of  the  molecu¬ 
lar  lifetime  or  inversely  proportional  to  the  square  of  the 
N}  pressure.  The  relaxation  rate  at  high  Nj  pressure  must 
therefore  be  inversely  proportional  to  the  Nj  pressure. 
The  noble-gas  and  alkali-metal-atom  spin-relaxation  rates 
attain  their  peak  values  at  pressures  on  the  order  of  p0/ix 
and  p0/<  2/  4- 1 ),  respectively. 

The  overall  precision  of  these  experiments  is  not  very 
high,  especially  since  we  have  relied  on  the  saturated 
vapor- pressure  formulas  (30)— (32)  to  estimate  the  aJkali- 


metal  number  density  from  the  cell  temperature.  A  tem¬ 
perature  measurement  error  of  1  *C  corresponds  to  a 
vapor-density  error  of  5—10%.  As  we  discussed  in  Sec. 
IV,  published  vapor-pressure  curves  for  Rb  differ  by  more 
than  a  factor  of  2  in  the  temperature  range  of  our  expend* 
ments.  V 

We  also  note  that  the  value  x  =  3. 1  given  in  Table  I  for 
Rb  129Xe  is  substantially  smaller  than  the  value  x  —4. 1 
estimated  in  earlier  work  from  this  laboratory.11  The 
reason  for  this  discrepancy  is  not  clear  although  it  may  be 
at  least  partially  due  to  inadequate  mixing  of  the  Xe,  N2, 
and  He  gases  used  in  the  sample  cells  of  Ref.  31.  Those 
cells  were  prepared  without  the  stopcock  C  of  Fig.  2  and 
therefore  much  longer  times  were  required  to  ensure  com¬ 
plete  interdiffusion  of  the  gases.  In  the  analysis  of  the 
data  of  Ref.  31  a  crucial  assumption  was  that  each  ab¬ 
sorbed  cr+  photon  deposited  6/2  units  of  angular  momen¬ 
tum  in  the  vapor.  The  spin-transfer  efficiency  from  pho¬ 
tons  to  alkali-metal  atoms  needs  more  study.  Finally,  the 
NMR  data  of  Ref.  29  were  calibrated  by  comparison  to  a 
rather  noisy  signal  from  distilled  water.  We  believe  that 
the  value  of  x  =3. 1  obtained  for  RbXe  in  this  experiment 
is  more  reliable  than  the  earlier  value  x  =4. 1  because  the 
same  value  was  measured  for  both  ,7Rb  and  ssRb  and  be¬ 
cause  the  ratio  data  of  Sec.  VI  are  in  good  agreement  with 
the  theory.  The  repolarization  ratio  is  very  sensitive  to 
the  value  of  x.  The  data  for  133Cs  were  less  extensively 
checked. 

From  a  practical  point  of  view  the  data  of  Table  I  indi¬ 
cate  that  K  vapor  might  be  a  more  useful  spin-exchange 
medium  for  noble  gases  than  Rb  or  Cs  vapor.  This  is  be¬ 
cause  the  769.9-nm  Dt  absorption  line  of  K  atoms  is  nei 
the  peak  of  the  gain  curves  for  oxazine  or  LD700  dyes. 
Dye-laser  operation  is  less  efficient  at  the  794.7-  and 
894.4-nm  D\  lines  of  Rb  and  Cs.  The  larger  value  of  x 
for  potassium  compared  to  cesium  or  rubidium  is  a  disad¬ 
vantage  since  of  the  alkali-metal-atom  spin  angular 
momentum  lost  during  a  collison,  a  fraction,  3/4x2,  goes 
into  the  nuclear  spin  K  of  the  noble  gas;  the  remainder  is 
lost  to  the  rotational  angular  momentum  j V.  However, 
for  laser  pumping  at  high  cell  temperatures  the  alkali- 
metal-atom  spins  are  destroyed  mainly  by  alkali-metal- 
atom— alkaii-metal-atom  collisions21  rather  than  by  spin- 
rotation  interactions  in  alkali-metal— noble-gas  van  der 
Waals  molecules.  The  important  physical  quantity  is 
therefore  not  the  value  of  x  but  the  relative  size  of  the 
alkali-metal-atom— noble-gas  spin-exchange  rate  and  the 
alkali-metal-atom— alkali-metal-atom  spin-destruction 

rate,  a  rate  which  has  been  measured21  only  for  Cs.  Be¬ 
cause  of  the  smaller  value  of  the  nuclear  charge  of  K 
atoms  compared  to  Cs  atoms,  the  alkali-metal- 
atom— alkali-metal-atom  spin-destruction  rates,  which  can 
be  traced  back  to  spin-orbit  interactions,  may  be  much 
smaller  for  K  atoms  than  for  Cs  atoms  or  Rb  atoms. 

ACKNOW;.^  .  .MENTS 

This  work  was  supported  by  the  U.  S.  Air  Force  Offic 
of  Scientific  Research  under  Grant  No.  AFOSR-8'i  - 
0104-C. 


276 


ZENG,  WU,  CALL,  MIRON,  SCHREIBER,  AND  HAPPER 


31 


LIGHT 

SOURCE 


ALKALI 

WALL 

INTERACTIONS 


ALKALI 

ATOMS 


ALKALI 
NOBLE  GAS 
INTERACTIONS 


NOBLE  GAS  WALL 

ATOMS  INTERACTIONS 


FIG.  17.  RC  network  model  for  alkali-metal— noble-gas  spin  exchange.  Angular  momentum  is  analogous  to  electrical  charge,  and 
the  alkali-metal  and  noble-gas  atoms  in  which  the  angular  momentum  is  stored  are  represented  by  capacitors.  The  optical-pumping 
light  is  equivalent  to  a  battery  whose  emf  is  the  mean  spin  of  the  pumping  photons. 


i  _  n[M]  _  n[xej 

T0  Tf  Tx  ' 

The  capacitors  CM  and  Cx*  are  coupled  by  the  exchange 
resistor  Ra  defined  by 


JL^X 

Ra  T0 


ar 

(2/  +  1) 


<F2-F})(K2 


Kl)  . 


(71) 


The  xenon  capacitor  is  shunted  to  ground  through  the 
wall  resistor  R„,  which  is  defined  in  terms  of  the  empiri¬ 
cally  determined  wall-relaxation  time  Tw  by 


1 _ 

Rm~  Tw  * 


(72) 


The  alkali-metal  capacitor  is  shunted  to  ground  by  an 
analogous  diffusion  resistor  defined  by 


1 

R&i 


—Cx'Yd 


(73) 


where  the  slowest  diffusion  rate  yD  was  defined  in  (24). 
The  voltages  on  the  capacitors  are 


v  Qm  w 

cw  ~  <f2-f2> 


(74) 


and 


Qxt  <*,> 

Xt  CXt  (K2—K2)  ' 


(75) 


Under  the  conditions  of  spin  temperature  equilibrium, 
described  more  fully  in  Ref.  6,  the  magnitudes  of  the  volt¬ 
ages  in  (74)  and  (75)  never  exceed  unity,  the  value  corre¬ 
sponding  to  100%  positive  or  negative  polarization. 

From  inspection  of  (48),  (49),  and  the  equations  which 
follow  from  (11),  it  can  be  seen  that  most  of  our  experi¬ 
ments  are  designed  to  detect  (F,  >  or  in  view  of  Eq.  (63), 
the  charge  QM  on  the  alkali-metal  capacitor.  We  detect 
the  charge  QXt,  or  equivalently  the  nuclear-spin  polariza¬ 
tion  of  the  xenon  atoms,  indirectly  through  the  charge  in¬ 
duced  on  the  alkali-metal  capacitor  by  the  voltage  VXt. 

The  measurement  of  the  slowest  spin-relaxation  tran¬ 
sient  of  the  alkali-metal  atoms,  which  was  described  in 
Sec.  Ill,  can  be  thought  of  as  an  experiment  to  determine 


the  RC  time  constant  of  the  alkali-metal  capacitor.  This 
time  constant  is  dominated  by  the  leakage  of  charge  off  of 
C«  through  the  relatively  small  spin-rotation  resistor  Ru 
to  ground.  Some  shortening  of  the  time  constant  is 
caused  by  discharge  through  the  internal  resistance  R^ 
of  the  battery,  and  this  parasitic  leakage  is  eliminated  by 
the  extrapolation  to  zero  light  intensity  illustrated  in  Fig. 
7.  The  leakage  through  the  diffusion  resistor  R&f  is  small 
at  high  nitrogen  pressures  and  is  accounted  for  in  Eq. 
(28).  The  leakage  through  Rtx  to  ground  is  accounted  for 
by  the  term  proportional  to  x  ~2  in  Eq.  (26). 

The  measurement  of  the  ,29Xe  spin-relaxation  transient 
described  in  Sec.  IV  can  be  thought  of  as  an  experiment  to 
determine  the  RC  time  constant  of  the  xenon  capacitor 
CXe.  The  charge  on  CXt  leaks  to  ground  through  the 
wall  resistor  R„  and  through  the  series  combination  of 
the  relatively  large  exchange  resistor  Rtx  and  the  much 
smaller  (<5%  Rtx)  parallel  combination  of  R„,  R# f, 
and  Rop,.  In  analyzing  the  data  of  Secs.  IV  and  V  we 
have  made  the  simplifying  assumption  that  because  of  the 
low  alkali-metal  spin  polarization  during  the  l29Xe  relaxa¬ 
tion  transient  the  left  side  of  Rcx  in  Fig.  17  is  essentially 
at  ground  potential. 

The  l29Xe  nuclear  spins  relax  about  105  times  more 
slowly  than  the  alkali-metal-atom  spins  according  to  Figs. 

8  and  12.  This  is  because  the  xenon  capacitor  CXt  is’ 
about  104  times  larger  than  the  alkali-metal  capacitor 
due  to  the  much  larger  (  — 3xl04)  number  of  xenon 
atoms  than  alkali-metal  atoms,  and  also  because  the  leak¬ 
age  resistor  for  CXe,R„  is  about  a  factor  of  10  larger  than 
R„,  the  leakage  resistor  for  Cw.  However,  Cv  is  in¬ 
creased  relative  to  CXe  because  of  the  large  contribution 
of  the  nuclear  spin  I  of  the  alkali-metal  atom  to  the 
paramagnetic  constant  of  Cv.  This  can  be  clearly  seen 
from  Fig.  8,  where  the  measured  time  constant  for  ,5Rb 
(I  =  j)  relaxation  is  about  a  factor  of  2  longer  than  the 
time  constant  for  ,7Rb  (/  =  y )  relaxation. 

The  repolarization  ratio  measurements  described  in  Sec. 
VI  can  be  thought  of  as  experiments  to  determine  the 
magnitude  of  the  "voltage  divider"  which  consists  of  the 
resistors  Ra  and  R„  connected  in  series  between  CXf  and 
ground.  The  high-pressure  asymptote  r~0.05  shown  in 
Fig.  16  is  the  voltage-divider  ratio  R„/(RU  +  RCX).  The 
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FIG.  16.  Dependence  of  the  measured  ratio  of  the  repolariza- 
boo  signal  to  the  pump-phase  signal  on  the  third-body  (N2) 
pressure  in  the  sample  cells.  The  ratio  was  corrected  for  the  at¬ 
tenuation  of  the  polarizers  in  Fig.  13  and  for  the  wall  relaxation 
of  the  12*Xe  according  to  Eq.  (60).  The  signal  ratio  is  severely 
depressed  at  low  nitrogen  pressures.  It  is  therefore  difficult  to 
observe  repolarization  signals  at  low  nitrogen  pressures.  The 
solid  curve  is  drawn  according  to  Eq.  (60)  with  a  distribution  of 
the  rotational  angular  momentum  N  taken  into  account.  There 
are  no  free  parameters  for  the  solid  curve. 


and  (6)]  were  determined  from  the  independent  data  of 
Secs.  Ill— V.  We  should  also  mention  that  the  number 
density  of  ,29Xe  need  not  be  known  precisely  for  the  ratio 
measurements  since  additional  xenon  decreases  the  pump 
and  repolarization  signals  by  the  same  factor.  The  ratio 
measurement  is  also  not  affected  by  any  miscalibration  of 
the  Rb  vapor-pressure  curves  versus  temperature  as  long 
as  the  same  curves  are  used  to  deduce  the  correction  fac¬ 
tor  (59)  for  ,wXe  wall  relaxation  from  data  like  those  of 
Fig.  It. 

We  have  not  made  quantitative  measurements  of  the  re¬ 
polarization  ratios  for  ,5Rb  or  l33Cs  because  we  do  not 
fed  that  the  ratio  measurements  are  as  effective  a  way  to 
measure  the  parameters  x  and  p0  as  the  methods  based  on 
analyzing  the  spin-decay  transients  of  the  alkali-metal 
atoms  and  the  xenon  nuclei,  which  were  discussed  in  Secs. 
Ill— V.  One  problem  with  the  ratio  measurements  is  the 
contribution  of  observables  other  than  (F, )  to  the  at¬ 
tenuation  of  the  light.  The  influence  of  these  observables 
is  nearly  eliminated  when  we  measure  the  slowest  spin- 
relaxation  transient  of  alkali-metal  atoms  as  described  in 
Sec.  III.  However,  (T-S>,  the  quadrupole  observables, 
and  the  more  rapidly  relaxing  dipole  observable  all  contri¬ 
bute  somewhat  to  the  optical  pumping  signal  and  repolari¬ 
zation  signal  described  in  this  section.  This  is  an  especial¬ 
ly  annoying  problem  with  l33Cs,  where  quadrupole  polari¬ 
zation  is  easily  generated  and  observed  because  of  the  rela¬ 
tively  large  excited-state  hyperfine  structure  of  the  133Cs 
atom.  The  large  contribution  of  auadrupole  observables 
to  the  optical  pumping  signals  of  33Cs  was  first  pointed 
out  by  Bouchiat  et  al.1*  We  can  therefore  expect  to  find 
somewhat  poorer  quantitative  agreement  between  theoreti¬ 
cally  calculated  and  experimentally  measured  values  of 
the  repolarization  ratio  for  ,33C$  than  for  the  ,7Rb  data 
shown  in  Fig.  16.  'The  ratio  measurements  should  be  very 
reliable  for  "K,  with  its  small  hyperfine-structure  inter¬ 
vals,  and  experimental  measurements  of  the  ratio  for  39K, 
similar  to  those  described  above  for  ,7Rb,  are  well  fit  by 
the  parameters  of  Table  L 


VII.  RC  NETWORK  MODEL 


The  motivation  for  many  of  the  experiments  described 
in  the  earlier  sections  of  this  paper  can  be  understood  with 
the  aid  of  the  RC  network  model  illustrated  in  Fig.  IT 
As  was  shown  in  Ref.  6,  the  spin-polarized  alkali-me/^ 
atoms  and  noble-gas  atoms  can  be  thought  of  as  two  capa^ 
citors  with  values. 


Cv  =  ft[A/]<F2— Fx2> 

(61) 

and 

CXe=/ft[Xe]U2-X2>  , 

(62) 

on  which  the  angular  momentum  charges 

Qm=!1[M](F,) 

(63) 

and 

GXe=/n[Xe]<K2> 

(64) 

are  stored.  Here  ft  is  the  volume  of  the  cell,  so 
ft[Xe]  are  the  total  number  of  alkali-metal 
atoms  in  the  sample  cell.  The  quantities 

ft[Af]  and 
and  xenon 

2(F2— F/)  =  l  +  -y7(/  +  l)  +  •  •  • 

(65) 

and 


=  +  D+  •••  (66) 


which  occur  in  (61)  and  (62)  play  much  the  same  role  as 
dielectric  constants  for  ordinary  electrical  capacitors. 
They  account  for  the  fact  that  atoms  with  high-spin  quan¬ 
tum  numbers  can  store  more  angular  momentum  th( 
atoms  with  low  spin  quantum  numbers.  Corrections  to 
the  "paramagnetic  constants”  at  high  spin  polarization 
are  denoted  by  centered  ellipses  in  (65)  and  (66)  and  are 
discussed  in  detail  in  Ref.  6. 

The.  optical  pumping  lamp  or  laser  is  represented  by  a 
battery  attached  to  the  alkali-metal  capacitor.  The  emf  of 
the  battery  is 


Vo*=st  , 


(67) 


where  s ,  is  the  mean  spin  of  the  pumping  photons 
lst  =  ±  1  for  a*  light).  The  interna)  resistance  of  the 
battery  is  defined  by 


1  _  n[Af]R 

Ropt  2 


(68) 


where  R  is  the  mean  optical-pumping  rate  of  the  light 
source.  That  is,  (68)  implies  that  the  optical  admittance  is 
one-half  of  the  number  of  photons  absorbed  per  second  by 
the  alkali-metal  atoms  in  the  cell.  More  details  about  the 
physical  assumptions  leading  to  (67)  and  (68)  can  be  found 
in  Ref.  6. 

The  capacitor  CM  is  shunted  to  ground  by  the  spin- 
rotation  resistor  Ru  defined  by 

2 

<F 2  -F})  , 


1  _  1  2  yNt 
Ru  T0  3  (2/  +  1) 


where  the  global  molecular-formation  rate  in  the  sample 
cell  is  given  by 


ENERGY  ELECTRON  VOLTS 


.  1.  Electron-electron  spin  exchange  occurs  at  a  rate  proportional  to 
the  difference  between  the  singlet  and  triplet  potential  curves  of 
the  interacting  pair.  The  exchange  is  basically  of  an  electrosta¬ 
tic  nature.  From  T.R.  Carver,  Science  141,  598  (1963). 
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A  very  important  property  of  spin  exchange  collisions  which  was  first 
emphasized  by  Oehmelt5  is  the  fact  that  spin  exchange  collisions  cause  no 
change  in  the  total  electronic  spin  of  the  colliding  atoms.  In  fact 

one  can  easily  verify  that 

[^+§2*  v3  =  0  (2) 

i  .e.  the  commutator  of  the  total  spin  with  the  interaction  potential  (1)  is 
zero  so  is  a  constant  of  the  motion.  Later  on  we  shall  discuss  much 

smaller  terms  in  the  interaction  potential  which  were  omitted  from  (1)  but 
which  do  cause  a  transfer  of  spin  angular  momentum  into  the  translational 
degrees  of  freedom  of  the  gas. 

It  is  hard  to  improve  Dehmelt's  own  description  of  the  first  experiment 
on  spin  exchange  spectroscopy5  "The  electrons  were  polarized  by  allowing  them 
to  undergo  exchange  collisions  with  oriented  sodium  atoms  in  which  the  total 
spin  component  with  respect  to  the  axis  of  orientation,  a  magnetic  field  H0, 
is  conserved  and  the  orientation  of  the  atoms  is  transferred  to  the  initally 
unpolarized  electrons  by  exchange  of  spin  directions." 

Spin  exchange  with  optically  pumped  alkali  vapors  was  soon  used  to 
polarize  a  number  of  interesting  species,  among  them  nitrogen6  and  phosphor¬ 
ous7  atoms  which  have  slowly  relaxing  4S3/2  ground  states  but  which  have 
optical  absorption  lines  which  are  too  far  in  the  ultraviolet  region  of  the 
spectrum  to  permit  convenient  optical  pumping.  The  hyperfine  structure  of 
these  atoms  is  quite  interesting  since  both  the  magnetic  and  electric  hyper¬ 
fine  interactions  should  be  zero  in  lowest  order  because  of  the  symmetry  of 
the  electronic  state.  Nevertheless,  there  is  a  substantial  magnetic  hyper¬ 
fine  interaction  which  arises  from  the  polarization  of  the  closed-shell  cores 
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of  these  atoms.  A  representative  magnetic  resonance  curve  for  spin  exchange 
spectroscopy  is  shown  in  Fig.  2. 

Grossetete8  and  her  colleagues  in  Paris  carried  out  careful  measurements 
of  the  spin  exchange  rate  constants  for  various  alkali  vapors,  and  they 
showed  that  the  spin  exchange  rate  R  for  an  alkali  atomic  vapor  of  number 
density  [A]  was  always  on  the  order  of 


R  =  10' 9  cm3  sec-1  [A] 


Grossetete9  also  carried  out  a  careful  theoretical  analysis  of  the  effects  of 
spin  exchange  on  the  spin  relaxation  of  alkali  vapors.  Similar  work  was  done 
at  about  the  same  time  by  Gibbs10.  The  analysis  of  spin  exchange  collisions 
is  complicated  because  spin  exchange  is  described  by  non-linear  rate  equa¬ 
tions.  The  nonlinearity  is  essential  if  one  is  to  account  for  the  spin 
polarization  of  both  atoms  which  are  involved  in  the  collision. 

One  of  the  most  interesting  theoretical  aspects  of  spin  exchange  colli¬ 
sions  was  pointed  out  by  Anderson,  Pipkin  and  Baird.11  They  showed  that  spin 
exchange  collisions  lead  to  a  spin  temperature  equilibrium  such  that  the 
occupation  probability  of  an  atomic  sublevel  of  azimuthal  quantum  number  m  is 


,  .  1  8m 

p(m)  =  -  e 


where  8  is  the  spin  temperature  parameter  and  the  sun  on  states  is 
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A  typical  experiment  with  spin  exchange  spectroscopy.  Strontiun 
ions  are  polarized  by  spin  exchange  with  optically  pumped  rubidium 
Changes  in  the  Sr+  polarization  produce  corresponding  changes  in 
the  Rb  polarization  v^iich  is  detected  by  optical  pumping  methods. 
Fran  H.M.  Gibbs  and  G.C.  Churchill,  Phys.  Rev.  3,  1617  (1971). 


In  contrast  to  a  situation  with  arbitrary  spin  polarization  where  many  para¬ 
meters  are  needed  to  describe  the  population  distribution,  only  one  parameter 
6  is  required  to  characterize  a  sample  of  atoms  in  spin  temperature  equili¬ 
brium.  Anderson  and  Ramsey12  showed  experimentally  that  the  spin  distribu¬ 
tion  (3)  prevails  in  sufficiently  dense  alkali  vapors.  The  spin  distribution 
(3)  is  the  state  of  maximum  entropy  for  a  fixed  amount  of  internal  spin  angu¬ 
lar  momentum.  As  was  pointed  out  by  Tang  et.al.13,  it  is  sometimes  conveni¬ 
ent  to  think  of  the  distribution  (3)  as  the  diagonal  element  of  the  density 
operator 


-  1  J*? 

p=  —  e 
Z 


(5) 


where  the  vector  spin  temperature  parameter  b  specifies  both  the  magnitude  of 
the  spin  temperature  and  the  axis  of  quantization.  The  distribution  (5)  is 
especially  useful  in  understanding  magnetic  resonance  experiments. 

It  is  natural  to  ask  how  well  spin  is  really  conserved  in  the  collisions 
between  atoms.  If  either  atom  has  non-zero  orbital  angular  momentum  in  its 
ground  state,  large  amounts  of  spin  angular  momentum  will  be  lost  to  transla¬ 
tional  angular  momentum  at  each  collision.  Thus,  the  remarkable  properties 
of  spin  exchange  collisions  are  most  dramatic  for  collisons  between  S-state 
atoms.  If  the  interaction  (1)  were  a  complete  and  rigorous  description  of 
the  interatomic  potential  there  really  would  be  no  loss  of  spin  angular  mo¬ 
mentum  in  spin  exchange  collisions.  However,  it  is  well  known  that  there  are 
additional  small  spin-dependent  interactions  which  couple  spin  angular  momen¬ 
tum  into  the  trans) ational  angular  momentum  of  the  gas.  for  example, 
states  are  known  to  have  a  spin  interaction  of  the  form1** 


This  interaction  is  well  studied  for  the  02  molecule  and  it  is  due  to  a  com¬ 
bination  of  the  magnetic  spin-spin  interaction  and  the  spin-orbit  interac¬ 
tion.  Bhaskar  et.  al.15  have  attributed  the  observed  spin  relaxation  of  Cs 
vapor  at  high  spin  exchange  rates  to  the  interaction  (6).  There  appears  to 
be  very  little  information  about  the  spin  loss  mechanism  for  collisions  be¬ 
tween  alkali  atoms  other  than  Cs,  but  R.  Knize  reports  that  the  spin  loss 
rates  for  the  lighter  alkali  atoms  appear  to  be  substantially  slower  than  the 
rates  for  Cs,  based  on  his  very  recent  measurements  at  Princeton  University. 

The  question  of  how  much  spin  is  lost  in  a  spin  exchange  collision  is 
important  both  in  principle  and  in  practice.  For  example,  Kulsrud  et  al.16 
have  suggested  that  the  50%  enhancement  of  the  thermonuclear  fusion  rate  of 
spin  polarized  deuterium  and  tritium  nuclei  with  respect  to  randomly  polar¬ 
ized  d  and  T  nuclei  would  make  it  worthwhile  to  load  tokomaks  with  spin 
polarized  fuel.  One  way  to  produce  polarized  nuclei  of  d  and  T  is  to  polar¬ 
ize  these  isotopes  of  hydrogen  by  spin  exchange  with  alkali  atoms  as  suggest¬ 
ed  by  Cecchi ,  Knize  and  Happer17.  If  even  a  small  amount  of  spin  is  lost 
during  spin  exchange  collisions  it  would  have  an  important  influence  on  the 
design  of  a  source  of  nuclear  fuel  which  is  to  be  polarized  by  spin  exchange 
col  1 isions. 

In  recent  years  the  phenomenon  of  spin  exchange  between  electrons  and 
nuclei  has  attracted  increasing  attention.  The  first  experiments  on  spin 
exchange  between  optically  pumped  alkali  atoms  and  noble  gas  nuclei  were 
carried  out  by  Bouchiat  Caraver  and  Varnun18  in  196?  at  Princeton.  They 


showed  that  it  was  possible  to  transfer  some  of  the  angular  momentum  of  opti¬ 
cally  pumped  Rb  atoms  to  the  nuclei  of  a  3He  buffer  gas.  The  observed  ex¬ 
change  rates  were  very  slow,  typically  many  hours,  and  this  method  of  polar¬ 
izing  3He  was  soon  abandoned  in  favor  of  the  much  more  efficient  process  of 
metastability  exchange  with  optically  pumped  3St  metastable  helium  atoms,  a 
method  invented  by  Colegrove,  Schearer  and  Walters19.  The  electron-nuclear 
spin  exchange  method  was  not  forgotten,  however,  and  in  1978  Grover20  at 
Litton  Industries  showed  that  surprisingly  efficient  spin  transfer  could  take 
place  between  Rb  atoms  and  l29Xe  nuclei.  The  high  efficiency  of  the  spin 
transfer  process  turned  out  to  be  due  to  the  formation  of  alkali-noble-gas 
van  der  Waals  molecules  in  a  process  similar  to  that  sketched  in  Fig.  3.  The 
importance  of  alkali-noble  gas  van  der  Waals  molecules  for  spin  relaxation  of 
optically  pumped  alkali  atoms  was  first  recognized  by  Bouchiat  et  al.21  at 
Ecole  Normale  Superieure.  A  sketch  of  the  van  der  Waals  potential  curve  for 
a  RbKr  molecule  is  shown  in  Fig.  4.  Molecules  are  important  because  they 
permit  the  spin  interactions  to  act  coherently  for  a  col  1 i sional ly  limited 
molecular  lifetime,  typically  some  tens  of  nanoseconds,  instead  of  a  few 
picoseconds  which  is  the  characteristic  interaction  time  for  a  binary  colli¬ 
sion. 

The  spin  interaction  Hamiltonian  for  an  alkali-noble  gas  pair  is 

H  =  A  +  y  N  •§  +  a  +  ...  (7) 

We  expect  to  find  a  large  coupling  constant  A  between  the  nuclear  spin  f  and 
the  electron  spin  §  of  the  alkali  atom.  The  coefficient  A  should  be  about 
the  same  as  that  of  a  free  alkali  atom.  The  next  largest  interaction  is 
y  between  $  and  the  rotational  angular  momentum  N  of  the  alkali-noble  gas 


distance  in  A 


I 


Interaction  potential  for  an  alkali  atom  and  a  noble  gas 
(RbKr)  with  a  relative  angualr  momentum  N.  The  pair  can 
absolutely  bound  as  in  region  I,  quasibound  as  in  region 
as  in  region  III.  From  C.C.  Bouchiat,  M.A.  Bouchiat  and 
Pottier,  Phys.  Rev.  1_8J_,  144  (1969). 


atom 

be 

II  or  free 
L.C.L. 


-8- 


pair.  The  importance  of  this  interaction  for  electron  spin  relaxation  of 
optically  pumped  alkali  atoms  was  first  pointed  out  by  Bernheim22.  Systema¬ 
tic  experimental  studies  by  Bouchiat,  Pottier  and  Brossel23  showed  that  the 
spin  rotation  coupling  constant  y  ranges  from  about  0.1  MHz  for  RbAr  to  about 
1.6  MHz  for  RbXe.  Recent  experiments  by  Wu  have  shown  that  y  is  about  the 
same  for  the  series  of  van  der  Waals  molecules  KXe,  RbXe  and  CsXe.  Thus, 
experiments  show  clearly  that  the  spin  rotation  interaction  is  controlled  by 
the  spin  orbit  interaction  in  the  noble  gas,  and  this  conclusion  is  supported 
by  recent  theoretical  calculations  by  Wu,  Walker  and  Happer24.  Electron- 
nuclear  spin  exchange  is  caused  by  the  Fermi  contact  interaction  a 
between  §  and  the  nuclear  spin  £  of  the  noble  gas.  Experiments  by  Zeng  et 
al.25  have  shown  that  for  the  series  of  molecules  K129Xe,  Rb129Xe  and 
Cs 129Xe 


x  =  ^  =  3  (8) 

a 

Since  the  rotational  angular  momentum  is  very  large  for  typical  van  der 
Waals  molecules,  say  N  >  50,  the  rotational  angular  momentum  can  be  thought 
of  as  a  fixed  classical  vector  and  the  Hamiltonian  (7)  is  therefore  equiva¬ 
lent  to  a  Breit-Rabi  Hamiltonian  with  the  Breit-Rabi  paraneter  (8)  substan¬ 
tially  greater  than  unity. 

The  Hamiltonian  (7)  differs  in  an  unwelcome  way  from  the  electron  spin 
exchange  Hamiltonian  (1)  since  the  total  internal  spin  does  not  commute 

with  the  Hamiltonian  {})  and  in  fact 


9 


U  ■  f  •  1 1 11 '  C  •  WV'  '.■» WW '.  ■!'  W  W  W  ^'  *."  W  *■<  *w «7^?T1 

&d 


iv:  *•}*: 


h 


r\ 
*  *  • 


-9- 

Physically  (9)  implies  that  spin  angular  momentum  £  is  lost  to  fl,  and  tl  is 
dissipated  to  translational  motion  in  the  gas  after  the  van  der  Waals  mole¬ 
cules  break  up.  In  contrast  to  el ectron-el ectron  spin  exchange  collisions 
where  more  than  99%  of  the  spin  angular  momentun  is  transferred  from  one  atom 
to  another,  only  about  8%  of  the  electron  spin  angular  momentun  can  be  trans¬ 
ferred  from  alkali  atoms  to  the  nuclei  of  129Xe,  the  most  efficient  receptor 
of  angular  moment  known  so  far.  However,  in  spite  of  the  substantial  loss  of 
spin  angular  momentum  to  for  electron  nuclear  spin  exchange,  very  large 
amounts  of  nuclear  spin  angular  momentun  can  be  accumulated  because  of  the 
high  efficiency  of  Kastler's  optical  pumping  method1,  which  deposits  about 
one  unit  of  spin  angular  momentum  in  the  alkali  vapor  for  each  absorbed  pho¬ 
ton,  and  because  of  the  long  nuclear  spin  relaxation  times  v/iich  are  charac¬ 
teristic  of  noble  gases.  The  original  experiments  of  Bouchiat  et  al . 18  in 
1960  already  showed  that  nuclear  spin  relaxation  times  of  several  hours  could 
be  observed  and  later  experiments  by  Schearer  and  Walters26  at  Rice  Univer¬ 
sity  and  by  Carver  and  Gamblin27  at  Princeton  University  showed  that  3He 
nuclear  spin  relaxation  times  as  long  as  one  day  were  feasible.  Thus  one  can 
pump  angular  momentum  into  a  3He  sample  for  as  long  as  one  day  before  the 
spin  polarization  saturates.  The  long  relaxation  time  was  exploited  by 
Oaniels  et  al.28  to  make  an  optically  pumped  target  of  nuclear  spin  polarized 
3He. 

As  an  illustration  of  current  work  on  spin  exchange  I  would  like  to 
describe  experiments  in  our  laboratory28  to  learn  about  the  physics  of 
mo  1  ec ul e- ass i st ed  spin  exchange  in  noble-gas- al k a  1 i -atom  mixtures.  The 
physics  can  be  naturally  divided  into  two  categories:  studies  of  the 
formation  and  breakup  rates  of  van  der  Waals  molecules,  and  studies  of  the 
spin  interaction  in  the  van  der  Waals  molecules.  The  relatively  simple 


apparatus  used  to  study  these  questions  is  shown  in  Fig.  5.  Glass  cells 
containing  a  few  torr  to  as  much  as  an  atmosphere  of  Xe  gas,  about  50  torr  of 
N2,  and  a  small  amount  of  alkali  metal  are  pimped  for  10  to  15  minutes  with 
light  from  an  alkali  resonance  lamp  or  from  a  dye  laser.  During  this  pumping 
phase  of  the  experiment  angular  momentum  flows  from  the  photons  to  the  alkali 
atoms  and  finally  to  the  noble  gas  nuclei.  Once  an  equilibria  polrization 
of  the  noble  gas  nuclei  is  achieved,  the  pumping  light  is  removed  and  the 
sample  cell  is  probed  with  unpolarized  light  from  an  alkali  resonance  lamp. 
The  flow  of  angular  momentum  is  reversed  in  this  probe  phase  and  the  probing 
photons  become  si ightly  circul arly  polarized.  This  small  circular  polariza¬ 
tion  can  be  measured  with  great  sensitivity  wi  th  a  photoelastic  modulator. 
Some  representative  nulear  spin  relaxation  curves  of  129Xe  in  various  alkali 
vapors  are  shown  in  Fig.  6.  The  decay  is  so  slow  that  we  find  it  useful  to 
periodically  invert  the  spin  polarization  with  a  chirped  audio  frequency 
pulse  to  eliminate  the  effects  of  slow  drifts  in  the  gains  of  the  electronics 
or  in  the  stray  polarization  of  the  optical  system. 

To  understand  the  significance  of  transient  decays  like  those  of  Fig.  6 
and  to  extract  the  maximum  amount  of  physics  from  them  we  find  it.  useful  to 
model  the  spin  exchange  process  with  the  R C  network29  shown  in  Fig.  7.  The 
extensive,  conserved  quantity,  angular  momentum,  is  equivalent  to  the  elec¬ 
trical  charge  stored  in  the  network.  The  spin  angular  momentum  is  stored  in 
two  different  atomic  species,  in  the  electronic  and  nuclear  spins  of  the 
dilute  alkali  vapor  and  in  the  nuclear  spins  of  the  much  more  dense  noble 
qas.  These  two  types  of  atoms  are  represented  by  two  capacitors  whose  magni¬ 
tudes  are  proportional  to  the  numbers  of  the  respective  atoms.  The  various 
terms  in  the  Hamiltonian  which  allow  angular  momentun  to  be  transferred  from 
one  spin  to  another  are  represented  by  resistors,  whose  values  are  determined 
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Representative  apparatus  to  study  spin  exchange  between  optically 
pumped  alkali  atoms  and  noble  gas  nuclei. 
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Table  I.  Spin-Rotation  Coupling  Factors  G 


Noble  Gas 

G/h  (10'31  MHz  cm5) 

Ne 

0.062 

Ar 

0.49 

Kr 

3.0 

Xe 

9.8 

Rn 

31 

To  directly  test  the  dependence  of  y  on  the  fine  structure  of  the  alkali 
atom  we  determined6  the  spin  rotation  coupling  constants  from  measured  magne¬ 
tic  slowing  down  curves  for  the  129Xe  nuclear  spin  relaxation  in  the  series 
af  van  der  Waals  molecules  KXe,  RbXe  and  CsXe.  The  experimental  method  was 

similar  to  that  described  by  Bhaskar  et  al . 7  and  we  refer  to  that  paper  for 

nore  experimental  detail.  The  basic  experimental  measurement  is  the  width 
iH0  of  the  magnetic  slowing-down  curve  at  low  buffer  gas  pressure.  The 
vidths  for  KXe,  RbXe  and  CsXe  along  with  the  mean  coupling  constants  y 
inferred  from  these  widths  are  shown  in  Table  II.  Since  Herman's  formula  for 
r  is  proportional  to  the  0-line  splitting  Av^  of  the  alkali  atom,  a  substan- 
:ial  increase  of  y  would  be  expected  for  the  series  K,  Rb,  Cs,  which  have  the 

;pl ittings  58  cm"1,  237  cm'1  and  554  cm'1.  No  such  increase  is  evident  from 

:he  experimental  data.  We  have  also  listed  in  Table  II  characteristic  fields 
lj*  for  the  magnetic  slowing-down  curves  of  the  electronic  spin  relaxation 
ind  the  inferred  values  of  y  for  the  series  RbAr,  RbKr,  RbXe  measured  by 
iouchiat8  et  al  .  Although  the  0  line  splitting  of  the  alkali  atom  is  the 
.ame  for  this  series  there  is  a  very  substantial  variation  of  y.  Thus,  it  is 
lear  from  the  experimental  data  that  the  spin  rotation  constant  y  depends  on 


derived . 


‘  Sit  bit  |,MR)l2 

Here  m  and  M  are  the  electron  mass  and  the  reduced  mass  of  the  alkali  atom 
noble  gas  pair,  respectively,  R  is  the  internuclear  separation,  ^(R)  is  the 
unperturbed  valence  electron  wave  function  of  the  alkali  atom  at  a  distance  R 
from  the  alkali  nucleus,  and  the  factor 


r  -  1  rfi  a2  r“  (r.  r  n  ,  n2l  d V  , 

G  -  f — )  f  [l  C  R  ( r )  J  —  j‘ -  dr 

2  KmcJ  o  np  nP  J  r  Br 


(2) 


depends  only  on  the  spin-orbit  interaction  of  the  noble  gas.  The  effective 


central  potential  in  which  the  noble  gas  electrons  move  is  denoted  by  V,  r  is 

R 


*n  ( r ) 

the  distance  from  the  noble  gas  nucleus,  ( r 04,)  =  Y1Q  (9,<j>)  is  the 

wave  function  of  a  noble  gas  p  electron  of  principle  quantum  number  n,  and 
the  sun  on  n  in  (2)  extends  over  all  filled  shells  of  the  noble  gas.  The 


coefficient  Cnp  is  the  overlap  integral 


np 


=  !  z  *npo  d3p 


(3) 


In  all  numerical  evaluations  of  G,  ^  1  ( R )  and  dnp0  used  in  this  paper  we  have 

used  the  Hartree-Fock-Sl ater  wave  functions  tabulated  by  Herman  and 

Ski  liman.5  The  values  of  G  calculated  for  Ne,  Ar ,  Kr,  Xe  and  Rn  are  given 


in  Table  1 . 


Recently  it  has  become  clear  that  large  amounts  of  angular  momentum  can 
be  transferred  from  optically  pumped  alkali  atoms  to  the  nuclei  of  the  hea¬ 
vier  noble  gases  by  spin  exchange  interactions. 1,2  Only  a  few  of  the  thirty 
or  so  possible  pairs  of  different  alkali  atoms  with  different  noble  gas  atoms 
have  been  investigated  experimentally,  and  it  would  be  very  useful  to  be  able 
to  predict  the  spin  interactions  well  enough  to  tell  whi c h  pairs  are  parti¬ 
cularly  promising  for  applications  to  nuclear  spin  polarization.  The  most 
important  spin  interactions  in  these  molecules  are  the  Fermi  contact  hyper- 
fine  interaction  at*§  between  the  nuclear  spin  t  of  the  noble  gas  and  the 
electron  spin  $  of  the  alkali  atom  and  the  spin  rotation  interaction  yfi*? 
between  5  and  the  rotational  angular  momentum  fj  of  the  noble  gas  and  alkali 
atom  about  each  other.  Here  we  present  a  simple  new  formula  which  accounts 
very  well  for  the  systematic  variation  of  the  spin-rotation  interaction  for 
different  alkali  atoms  or  noble  gas  atoms,  and  which  predicts  for  the  first 
time  how  y  varies  with  internuclear  separation. 

As  Bernheim3  first  pointed  out,  the  spin  rotation  interaction  is  respon¬ 
sible  for  most  of  the  spin  relaxation  of  alkali  atoms  in  noble  gases.  So  far 
there  has  been  no  reliable  way  to  calculate  the  coupling  coefficient  y.  The 
most  serious  attempt  has  been  made  by  Herman,4  who  concluded  that  y  was  short 
range  and  was  mainly  due  to  the  alkali  ionic  field.  Herman4  derived  expres¬ 
sions  for  y  which  were  proportional  to  the  fine  struct u-e  splitting  of  the 
alkali  atom  and  not  directly  dependent  on  the  fine  structure  of  the  noble  gas 
atom . 

As  we  shall  discuss  in  detail  below,  Herman's4  formulas  are  in  qualita¬ 
tive  and  quantitative  disagreement  with  the  most  reliable  experimental  deter¬ 
minations  of  y.  If  certain  terms  which  Herman  neglected  in  his  analysis  are 
retained,  we  shall  show  that  the  following  new  expression  for  y  can  be 
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Recent  experimental  data  show  that  the  spin  rotation  coupling  for 
alkali-noble-gas  van  der  Waals  molecules  is  mainly  due  to  the  spin-orbit 
interaction  of  the  alkali  valence  electron  within  the  core  of  the  noble  gas. 
We  present  a  simple  formula  which  accounts  very  well  for  the  systematic  vari¬ 
ation  of  the  spin  rotation  interaction  with  different  noble  gas  or  alkali 
atoms . 
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Fiqure  Captions 

Fig.  1.  Electron-electron  spin  exchange  occurs  at  a  rate  proportional  to 
the  difference  between  the  singlet  and  triplet  potential  curves  of 
the  interacting  pair.  The  exchange  is  basically  of  an  electrosta¬ 
tic  nature.  From  T.R.  Carver,  Science  141,  598  (1963). 

Fig.  2.  A  typical  experiment  with  spin  exchange  spectroscopy.  Strontium 

ions  are  polarized  by  spin  exchange  with  optically  pumped  rubidium. 
Changes  in  the  Sr+  polarization  produce  corresponding  changes  in 
the  Rb  polarization  wh ic h  is  detected  by  optical  pumping  methods. 
From  H.M.  Gibbs  and  G.C.  Churchill,  Phys.  Rev.  2*  1617  (1971). 

Fig.  3.  Alkali-noble-gas  van  der  Waals  molecules  are  formed  in  three  body 
collisions  at  a  rate  Tp“ 1  per  alkali  atom  and  T^"  1  per  noble  gas 
atom.  They  are  broken  up  at  a  rate  t-1  by  collisions  with  other 
atoms  or  molecules.  Electron-nuclear  spin  exchange  is  greatly 
enhanced  by  the  long-lived  moleucles. 

Fig.  4.  Interaction  potential  for  an  alkali  atom  and  a  noble  gas  atom 

(RbKr)  with  a  relative  angualr  momentum  N.  The  pair  can  be 

absolutely  bound  as  in  region  I,  quasibound  as  in  region  II  or  free 
as  in  region  III.  From  C.C.  Bouchiat,  M.A.  Bouchiat  and  L.C.L. 
Pettier,  Phys.  Rev.  181 ,  144  (1969). 

Fig.  5.  Representative  apparatus  to  study  spin  exchange  between  optically 
pumped  alkali  atoms  and  noble  gas  nuclei. 

Fig.  6.  Representative  12yXe  nuclear  spin  relaxation  transients  in  various 
alkali  vapors  as  observed  with  the  apparatus  of  Fig.  5. 

Fig.  7.  RC  network  model  for  spin  exchange  between  optically  pumped  alkali 

atoms  and  noble  gas  nuclei.  Angular  momentum  is  analogous  to  elec¬ 
trical  charge  and  the  alkali  atoms  and  noble  gas  atoms  in  which  the 
angular  momentum  is  stored  are  represented  by  capacitors.  Various 
spin  interactions  in  the  Hamiltonian  are  represented  by  resistors 
and  the  optical  pumping  light  source  is  represented  by  an  EMF  with 
an  internal  resistance. 


Fig.  8.  Magnetic  slowing  down  of  the  nuclear  spin  relaxaiton  rate  of  129Xe. 

The  strong  dependence  of  the  relaxation  rate  on  the  external  magne¬ 
tic  field  is  characteristic  of  relaxation  due  to  van  der  Waals 
molecules  and  can  be  used  to  infer  the  magnitudes  of  the  spin 
coupling  coefficients. 

Fig.  9.  Experimental  apparatus  for  polarizing  radioactive  xenon  isotopes. 
From  Calaprice  et  al  .  Phys.  Rev.  Letters  54  ,  174  (1985). 

Fig.  10.  The  nuclear  magnetic  resonance  line  shape  observed  with  the  appara¬ 
tus  of  Fig.  9. 
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Final  ly,  nuclear  spin  polarized  noble  gases,  because  of  their  extremely 
long  spin  relaxaiton  times,  are  ideally  suited  for  studies  of  tiny  interac¬ 
tions  of  fundamental  importance.  An  example  is  the  recent  search  by 
Fortson33  and  his  coworkers  at  the  University  of  Washingto  for  a  permanent 
electric  dipole  moment  of  129Xe.  Chupp  at  Princeton  is  designing  an  experi¬ 
ment  to  use  21Ne  to  search  for  a  small  anisotropy  of  space  by  a  variant  of 
the  Hughes-Orever 34  experiment.  The  key  to  all  such  precision  experiments  is 
the  extremely  narrow  magnetic  resonance  linewidths  attainable  with  noble 
gases  which  have  been  polarized  by  spin  exchange  optical  pumping.  Line 
widths  of  a  few  microhertz  should  be  attainable  for  3He  and  21Ne. 

None  of  the  fascinating  experiments  on  spin  exchange  mentioned  above 
would  have  been  possible  without  the  invention  of  optical  pumping  by  Alfred 
Kastler . 

This  work  was  supported  by  the  U.S.  Air  Force  Office  of  Scientific 
Research  under  Grant  No.  AFOSR  81-0104-C. 
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D.  The  nuclear  magnetic  resonance  line  shape  observed  with  the  appara 
tus  of  Fig.  9. 
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Experimental  apparatus  for  polarizing  radioactive  xenon  isotopes 
From  Calaprice  et  al.  Phys.  Rev.  Letters  54,  174  (1985). 


future  of  the  field.  Many  interesting  radioactive  noble  gases  can  be  polar¬ 
ized  by  spin  exchange  with  optically  pumped  alkali  vapors  and  a  representa¬ 
tive  experiment  done  by  Calaprice  and  his  coworkers31  at  Princeton  is 
sketched  in  Fig.  9.  The  nuclear  moment  of  the  radioactive  noble  gas  atom 
1JjIT,Xe  can  be  measured  with  very  high  precision  by  observing  the  change  in 
the  y-ray  count  rate  when  a  small  audiofrequency  field  is  applied  at  the 
nuclear  magnetic  resonance  frequency  of  the  atom.  The  resulting  resonance  is 
shown  in  Fig.  10.  The  natural  width  of  the  resonance,  which  is  determined  by 
the  spin  relaxation  time  of  several  minutes,  is  on  the  order  of  10” 3  Hz  and 
the  0.5  Hz  width  of  Fig.  10  is  entirely  due  to  magnetic  noise  in  the  labora¬ 
tory. 

Electron-nuclear  spin  exchange  could  also  be  used  to  produce  polarized 
noble  gas  targets  for  nuclear  scattering  experiments.  The  most  interestig 
targets  would  be  the  light  noble  gases  3He  and  ^Ne.  Neither  of  these  gases 
is  easy  to  polarize  by  electron-nuclear  spin  exchange  because  neither  3He  nor 
zlNe  forms  van  der  Waals  molecules  readily  with  alkali  atoms  and  in  both 
cases  the  Fermi  contact  interaction  a  is  small.  One  way  to  overcane 
these  difficulties  would  be  to  use  optically  pumped  alkaline  earth  ions  to 
polarize  the  light  noble  gases.  Because  of  the  polarization  forces  between  a 
positive  ion  and  a  neutral  atom  the  formation  of  molecular  ions,  e.g. 

Ba+  +  2 He  *  Ba+He  +  He  ( 1 1) 

should  proceed  with  an  efficiency  comparable  to  that  for  the  formation  of  van 
der  Waals  molecules  like  RbXe.  Very  promising  early  work  on  optically  pumped 
alkaline  earth  ions  has  been  carried  out  by  Weber32  and  his  colleagues  at 


from  Fermi's  Golden  Rule.  The  pumping  light  is  represented  by  a  battery 
whose  EMF  is  equal  to  the  mean  spin  of  the  pumping  photons  and  whose  internal 
resistance  is  inversely  proportional  to  the  intensity  of  the  pumping  light. 
The  network  model  of  Fig.  7  is  completely  quantitative  and  the  various  RC 
time  constants  of  the  network,  in  particular  a  time  constant  on  the  order  of 
a  millisecond  which  is  associated  with  the  charging  or  discharging  of  the 
alkali  atom  capacitor  and  a  time  constant  of  many  minutes  associated  with  the 
charging  or  discharging  of  the  very  large  noble  gas  capacitor  give  useful 
information  about  the  system.  By  comparing  fast  and  slow  time  constants  of 
the  spin  system  it  is  possible  to  infer  ratios  of  the  various  coupling  terms 
in  Eq.  (7),  in  particular  the  important  Breit-Rabi  parameter  x  of  Eq.  (8). 

To  deduce  the  absolute  values  of  the  coupling  coefficents  of  Eq.  7  we 
analyze  the  effects  of  a  magnetic  field  on  the  spin  relaxation  of  the  noble 
gas  nuclei30.  As  is  show  in  Fig.  8  a  magnetic  field  of  a  few  hundred  gauss 
is  sufficient  to  eliminate  most  of  the  nuclear  spin  relaxation  of  129Xe.  The 
relaxation  slows  down  to  half  of  its  zero-field  value  at  a  magnetic  field  aH 
given  by 

yN  =  2n  uB  AH0  (10) 

where  n  is  a  numerical  coefficient  on  the  order  of  unity  which  can  be  cal¬ 
culated  for  noble  gas  relaxaiton  in  terms  of  the  alkali  nuclear  spin  1  and 
the  Breit-Rabi  parameter  x. 

Having  discussed  the  history  of  spin  exchange  optical  pumping  and  some 
of  the  current  work  in  this  area,  let  me  make  a  few  predictions  about  the 


Fig.  7.  RC  network  model  for  spin  exchange  between  optically  pumped  alkali 
atoms  and  noble  gas  nuclei.  Angular  momentum  is  analogous  to  elec¬ 
trical  charge  and  the  alkali  atoms  and  noble  gas  atoms  in  which  the 
angular  momentum  is  stored  are  represented  by  capacitors.  Various 
spin  interactions  in  the  Hamiltonian  are  represented  by  resistors 
and  the  optical  pumping  light  source  is  represented  by  an  EMF  with 
an  internal  resistance. 
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We  have  used  the  new  formula  (1)  to  estimate  y  for  the  molecules  listed 
in  Table  II.  The  steps  involved  are  illustrated  in  Fig.  1  which  shows  a  van 
der  Waals  potential  curve  U(R)  for  KAr,  the  classical  probability  P(R)dR  of 
finding  a  bound  or  quasibound  molecule  between  R  and  R+dR,  and  the  spin  rota¬ 
tion  coefficient  y  calculated  from  (1).  The  potential  U(R)  has  the  form 
ar~12-br-6  with  the  constants  a  and  b  chosen  to  reproduce  the  well  depth  E 
and  equilibrium  separation  RQ  given  by  Baylis10.  To  good  approximation  the 
value  of  y  for  KAr  should  be  -y(R0)  =  - y( 5 . 27 A)  =  0.31  MHz.  This  is  larger 
than  the  experimental  value  of  0.24  MHz  by  30%.  However,  as  one  can  see  from 
Fig.  1,  |y(R)I  drops  so  rapidly  with  internuclear  separation  that  one  would 
get  perfect  agreement  between  experiment  and  theory  if  the  internuclear  se¬ 
paration  were  5.40A,  2.5%  1 arger  than  the  value  given  by  Baylis.10  For  the 
first  six  entries  in  Table  II  we  have  computed  the  mean  value 

oo 

Y  =  /  y(R)  P(R)  dR  (4) 

0 

for  curves  like  those  of  Fig,  1.  There  is  excellent  agreement  with  the  sys¬ 
tematic  variation  of  y  for  the  six  van  der  Waals  molecules  but  again  the 
absolute  value  of  y  is  too  large,  by  about  a  factor  of  1.5.  This  discrepancy 
would  be  eliminated  if  the  van  der  Waals  potential  had  a  minimum  at  an  inter¬ 
nuclear  separation  which  was  a  few  percent  1 arger  than  those  tabulated  by 
Baylis10.  We  note  also  that  the  computed  values  of  r  would  be  about  10% 
smaller  if  instead  of  using  the  valence  electron  wave  functions  $j(R)  tabu¬ 
lated  in  Ref.  5,  we  were  to  use  Coulomb  approx imat ion  wave  functons.11  The 
systematic  discrepancy  between  the  calculated  and  experimental  values  of  y  is 
therefore  well  within  the  expected  systematic  uncertainty  of  the  parameters 
used  to  evaluate  (1)  and  (4). 


Fig.  1  The  spin  rotation  constant  -j£  in  MHz  calculated  from  Eq.  (1)  as  a 

function  of  internuclear  separation  R  in  A  fornKAr  pair.  Also  shown 
is  the  classical  probability  density  P(R)  in  A"'  for  finding  a  bound 
or  quasibound  KAr  pair  with  an  internuclear  separation  R.  The  van 
der  Waals  potential  U,  in  units  of  10"  14  erg,  from  which  P  was  cal¬ 
culated  for  a  temperature  of  100  C  is  shown  in  the  lower  sketch. 
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The  derivation  of  (1)  is  straightforward.  We  imagine  an  alkali  atom  at 
rest  with  an  unperturbed  valence  electron  wave  function  4^.  A  noble  gas  atom 
moves  by  the  alkali  atom  with  a  velocity  v.  The  alkali  valence  electron  will 
scatter  in  the  Coulomb  potential  V  of  the  noble  gas  atom.  We  account  for  the 
scattering  to  first  approximation  by  orthogonal  i zing  the  alkali  valence  elec- 

+  -V 

lmv  *r 

tron  wave  function  to  the  core  electron  orbitals  ip.(r)  e  h  of  the 

moving  noble  gas  atom.  The  orbital  of  the  resting  noble  gas  is  ^(r)  where  r 

imv  *r 

is  the  distance  from  the  noble  gas  nucleus,  and  the  phase  factor  e  fi  ac¬ 
counts  for  the  motion.  This  is  analogous  to  the  orthogonal  i zed  plane  wave 
method  used  to  calculate  conduction  electron  wave  functions  in  solids12  ex¬ 
cept  that  the  translational  phase  factor  does  not  normally  occur  in  solids. 
Then  the  orthogonal i zed  valence  electron  wave  function  is 

imv -r  +  -imv  •r1 

4>(r)  =  4> x( r )  -  Z  ^(rje  h  /*1*(r'  )e  h  ^(r1  )d3r'  (5) 

imv  »r 

The  alkali  wave  function  ^(r)  and  the  translational  phase  factor  e  h 
will  vary  slowly  in  the  neighborhood  of  the  noble  gas  core  and  their  product 
can  be  expanded  as  a  power  series  in  r  so  the  integral  in  (5)  becomes 

/  [<?  j(  R)+A  *r '  +  . .  .  ]d  3r 

where  the  complex  vector  A  is 


(6) 


Then  the  orthogonal i zed  wave  function  (5)  becomes 


(8) 


where  we  have  focused  attention  on  the  p  orbitals  of  the  noble  gas  core  and 

Cnp  was  defined  by  (3).  For  convenience  ve  have  denoted  the  three  substates 

of  the  np  orbital  with  the  Cartesian  vector  $  =  xil>  +  y<ji  +  %  .  The 

np  ynpx  J  npy  vnpz 

expectation  value  of  the  spin-orbit  interaction  is  then 

-<4>l  VVxp *£| <j>>  =  i  G  (9) 


where  G  was  defined  by  (2).  Substituting  for  A  from  (7)  into  (9)  we  find  the 
expression  for  y  given  in  (1).  One  can  easily  verify  that  the  same  formula 
(1)  for  y  is  obtained  if  both  the  alkali  atom  and  the  noble  gas  atom  are 
moving  in  such  a  way  that  the  relative  velocity  of  the  noble  gas  atom  with 
respect  to  the  alkali  atom  is  v.  Formula  (1)  can  also  be  obtained  by  the 
method  outlined  by  Herman4  if  rotational  excitation  of  the  core  orbitals  of 
the  noble  gas  is  included.  These  terms  were  neglected  by  Herman  with  the 
result  that  the  alkali  valence  electron  orbital  was  orthogonal i zed  to  the 
resting  noble  gas  orbitals  rather  than  to  the  moving  orbitals. 

The  formula  (1)  for  y  is  closely  analogous  to  Herman's  formula13  for  the 


Fermi  contact  interaction  coefficient. 


The  enhancement  factor  n2,  like  the  factor  G  of  (2),  depends  only  on  the 
properties  of  the  noble  gas  through  overlap  integrals  with  noble-gas  core 
electron  orbitals.  The  dependence  of  both  y  and  a  on  the  internuclear  separ¬ 
ation  R  is  dominated  by  the  exponential  decrease  of  the  unperturbed  alkali 
valence  electron  wave  function  ^(R). 

In  conclusion,  we  have  shown  how  to  derive  a  simple  formula  (1)  for  the 
spin-rotation  coupling  constant  y  of  alkali-noble  gas  van  der  Waals  mole¬ 
cules.  Although  (1)  could  be  refined,  for  example,  by  including  the  distor¬ 
tion  of  the  alkali  valence  electron  outside  of  the  noble  gas  core  or  by  re¬ 
placing  the  orthogonal ization  procedure  (7)  with  a  solution  of  the  wave  equa¬ 
tion  within  the  noble  gas  core  and  proper  boundary  matching,  the  simplest 
approximation  (1)  already  gives  reasonable  agreement  with  experiments. 

It  should  be  possible  to  use  the  closely  analogous  formulas  (1)  and  (10)  to 
reliably  estimate  the  key  spin  coupling  parameters  y  and  a  for  many  untested 
noble-gas-al kal i-atom  pairs  and  their  i soelectronic  analogs  (e.g.  KRn,  Ba+Ne, 
etc . ) . 

It  is  a  pleasure  to  acknowledge  useful  discussions  with  P.W.  Anderson 
and  S.Treiman. 
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Fiqure  Caption 


Fig.  1  The  spin  rotation  constant  in  MHz  calculated  from  Eq.  (1)  as  a 

function  of  internuclear  separation  R  in  A  forftKAr  pair.  Also  shown 
is  the  classical  probability  density  P(R)  in  A-1  for  finding  a  bound 
or  quasibound  KAr  pair  with  an  internuclear  separation  R.  The  van 
der  Waals  potential  U,  in  units  of  10"14  erg,  from  which  P  was  cal¬ 
culated  for  a  temperature  of  100  C  is  shown  in  the  lower  sketch. 
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